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ABSTRACT 


Balanced  two-conductor  open  transmission  line  probes  were  used  to 

measure  effective  electric  constants  in  vegetation  and  in  the  earth. 

Effective  relative  permittivity,  c ,  and  permeability,  p  ,  in  undergrowth 

at  five  dispersed  sites  were  practically  unity.  The  ranges  of  variation 

in  all  results  were  0.9  <  e  <1.2  and  0.8  <  p  <1.1.  On  the  average,  « 

r  r  r 

was  about  1.05,  pf  was  about  0.98.  Median  effective  conductivity  of 
the  undergrowth  varied  insignificantly  between  sites,  but  showed  dis¬ 
tinctive  variation  with  frequency,  from  about  20  ±  30%  at  6  MHz  to  300 
±  30%  (pmho/m)  at  100  MHz.  In  the  few  instances  where  measurements  were 
made  among  mature  trees  the  results  were  similar  to  those  obtained  for 
undergrowth. 

The  most  important  parameters  influencing  vegetation  constants 
were  stem  spacing  (related  to  stem  number  density)  and  intrinsic  stem 
conduct!  ity  (estimated  to  be  between  0.05  and  0.5  mho/m). 

Ground-constant  values  varied  greatly  between  sites,  in  a  manner 
consistent  with  the  variation  of  soil  moisture  content. 

Environmental  forestry  and  soil  surveys,  summarized  in  the  appendices 
to  this  report,  are  useful  in  explaining  or  applying  the  electric-constant 
results. 
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PREFACE 


The  work  described  in  this  report  was  performed  with  the  support, 
and  using  the  facilities,  of  the  Military  Research  and  Development 
Center  (MRDC)  in  Bangkok,  Thailand.  The  MRDC  is  a  joint  Thai-U.S. 
organization  established  to  conduct  research  and  development  work  in 
the  tropical  environment.  The  overall  direction  of  the  U.S.  portion  of 
the  MRDC  has  been  assigned  to  the  Advanced  Research  Projects  Agency 
(ARPA)  of  the  U.S.  Department  of  Defense  who,  in  1962,  asked  the  U.S. 
Army  Electronics  Command  (USAECOM)  and  the  Stanford  Research  Institute 
(SRI)  to  establish  an  electronics  laboratory  in  Thailand  to  facilitate 
the  study  of  radio  communications  in  the  tropics  and  related  topics. 

The  MRDC-Electronics  Laboratory  (MRDC-EL)  began  operation  in  1963  funder 
Contract  DA  36-039  AMC-00040(E)] ,  and  since  that  time  ARPA  has  actively 
monitored  and  directed  the  efforts  of  USAECOM  and  SRI.  In  Bangkok, 
this  function  is  carried  out  by  the  ARPA  Research  and  Development  Field 
Unit  (RDFU-T).  The  cooperation  of  the  Thai  Ministry  of  Defense  and  the 
Thailand  and  CONUS  representatives  of  ARPA  and  USAECOM  made  possible 
the  work  presented  in  this  report. 
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FRONTISPIECE  SRI  MAGNETIC-EQUATOR  SITE  NEAR  CHUMPHON  (aerial  photo) 


I  INTRODUCTION 


A.  Background 

The  obstacle  of  jungle  vegetation,  so  obvious  to  the  eye,  severely 
attenuates  radio  signals.  Hence,  with  the  growing  needs  for  radio 
communication  in  the  tropics,  the  radio  scientist  becomes  increasingly 
interested  in  the  effects  of  tropical  forests  on  radio  wave  propagation. 
This  special  technical  report  describes  part  of  a  continuing  investigation 
of  the  electromagnetic  characteristics  and  effects  of  dense  forest 

T  * 

vegetation  begun  by  Herbstreit  and  Crichlow  in  Panama  during  World  War 
II,  revived  during  the  Malayan  and  Indochinese  conflicts  of  the  nineteen- 
fifties2  and  currently  being  carried  further  by  Stanford  Research 
Institute  (SRI)  for  the  U. S.  Advanced  Research  Projects  Agency  (ARPA) 
under  its  SEACORE  program. 

The  ultimate  goal  of  our  vegetation  work  has  been  to  lay  the  basis 
of  workable  models  for  radio  systems  in  the  tropical  environment. 

Forestry  surveys  provide  distributions  of  the  geometric  factors  needed 
for  modeling.  But  since  no  source  of  reliable  information  on  electro¬ 
magnetic  factors  was  known  in  1964,  SRI  developed  a  probe  for  measuring 
the  effective  complex  dielectric  constant  of  living  vegetation.  This 
extension  of  the  idea  published  by  Kirksccthcr3  from  ground-constant 
to  vegetation-constant  measurement  was  done  at  the  suggestion  of 
John  Taylor,  University  of  South  Carolina,  and  George  Hngn,  SRI, 
who  postulated  that  the  vegetation  would  disturb  the  fields  of  an  open- 
wire  transmission  line  in  a  way  not  unlike  that  of  a  homogeneous  medium, 
at  least  at  frequencies  below  some  cutoff  frequency.  It  now  appears 
that  that  cutoff  frequency  is  above  100  MH**  for  dense  growth. 

The  usefulness  of  these  vegetation-constant  data  has  been  demonstrated 
by  Sachs,6  Sachs  and  Wyatt, f  and  Tamir,  who  have  used  initial  results 
in  their  respective  models  for  predicting  the  gross  variation  with 

References  arc  listed  at  the  end  of  the  report. 
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distance  of  power  in  radio  waves  propagating  through  dense  forest.  The 
earth  beneath  the  forest  is  of  second-order  significance  in  the  Sachs/ 

Wyatt  model,  and  entirely  neglected  by  Tamir,  but  those  workers  were 
not  including  effects  of  antenna  efficiency  in  their  models. 

The  model  for  patterns  of  simple  antennas  in  forests  developed  by 
Taylor  for  SRI8  does  require  that  the  complex  dielectric  constant  of  the 
earth  beneath  the  forest  be  known,  as  well  as  the  variation  of  complex 
dielectric  constant  with  height  in  the  vegetation.  Further,  at  low 
frequency,  it  requires  knowledge  of  any  near-surface  layering  thet  exists 
in  the  earth.  Thus,  to  complement  our  vegetation  work,  we  have  been 
taking  ground-constant  measurements  with  the  probe,9  as  suggested  by 
Kirkscether,3  and  making  geophysical  resistivity  soundings  at  dc  whenever 
possible  at  our  field  sites.  Further,  the  MRDC  Environmental  Sciences 
teams  have  made  soil  analyses  at  our  sites  to  supplement  our  electrical 
measurements. 

B.  Objectives 

The  original  purpose  of  the  field  work  described  in  the  following 
sections  was  to  provide  input  information  for  Taylor's  antenna  pattern 
forest  model.8  At  lluen  Chit,  the  Xeledop  transmitter,10*11  >12  was  towed 
in  its  airborne  mode,  to  measure  full-scale  antenna  patterns13  of  simple 
field- type  structures  erected  in  clear  and  forest  areas.  The  results  of 
these  measurements  c^n  be  predicted  using  Taylor’s  model  and  our  en¬ 
vironmental  description,  so  that  the  model  may  be  tested  and  refined. 

After  the  first  field  trip  was  planned,  to  Muen  Chit  (field-site 
locations  in  Thailand  arc  marked  on  the  map,  Fig.  1),  Sachs  and  Wyatt* 
completed  a  model  for  propagation  in  forest  (since  modified  by  Tamir  ). 

We  decided  to  provide  data  for  testing  these  models  as  well  as  Taylor's. 
Accordingly,  since  Sachs  and  Tamir  had  used  results  of  Jansky  fc  Bailey14 
(JfcB)  measurements  of  path  loss  to  test  their  models,  wc  decided  to  include 
the  J  it  B  sites  near  Pak  Chong,  and,  later  Satun,  in  our  field  survey  of 
vegetation  constants.  We  also  hoped,  since  the  mathematical  models 
approximate  a  forest  by  a  layered  dielectric  slab,  to  take  data  appropriate 
to  checking  them  in  a  truly  slab-like  environamnl — the  hedgerow  of  coastal 
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brush  near  our  low- noise  site  on  the  beach  at  Laem  Urn  bang.  Data  had 
already  been  obtained  on  the  variation  of  signal  with  distance  in  the 
coastal  brush ,10  using  the  Xeledop  transmitter  carried  on  a  man's  back. 

It  should  now  be  possible  to  use  the  complete  environmental  description 
given  in  the  present  report,  together  with  the  Sachs/Wyatt  model,  to 
predict  the  results  obtained  when  the  Manpack  Xeledop  was  carried  through 
the  coastal  brush  while  transmitting  a  constant  signal  back  to  receivers 
on  the  beach.  A  similar  test  was  made  using  the  aanpack  Xeledop  at  the 
Muen  Chit  site,  where  the  growth  was  much  more  Irregular;  prediction  of 
those  Xeledcp  neat  .-ament  results,  usln^  the  environmental  descriptions 
given  here,  should  be  convincing  proof  of  the  usefulness  of  the  Sachs/ 
Wyatt  node*. 

Aside  from  the  direct  use  of  the  information  contained  herein  to 
allow  theoretical  modeling  for  radio-propagation  studies  and  antenna 
studies,10  and  providing  data  for  radio-system  design  requirements,17 
we  hope  that  the  environmental  researcher  will  gain  an  insight  from  our 
work  that  will  allow  him  to  better  orient  his  work  toward  the  requirements 
of  radio  physics,  for  the  interface  between  the  botanical  and  radio 
sciences  is  yet  a  fuzzy  one.  This  area  of  botanical  physics  must  now 
be  described  scientifically;  and  one  important  potential  use  of  the 
techniques  (and  models)  discussed  here  is  the  study  of  plants  themselvea. 
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I  TECHNIQUES  USED 


A.  Theoretical  Background 

The  probe  technique  for  obtaining  the  complex  dielectric  constant  in 
vegetation  or  earth  depends  on  measurement  of  the  input  impedance  of  a 
balanced  two-conductor  open-wire  transaission  line  (OWL)  inserted  in  the 
test  aediua.4  If  the  medium  is  vegetation,  the  terminal  end  of  the  probe 
can  be  shorted,  and  if  the  impedance  measurements  are  repeated  in  air 
for  the  same  conductor  spacing,  the  dielectric  permittivity,  conductivity, 
and  magnetic  permeability  of  the  vegetation,  relative  to  those  of  air, 
may  be  calculated  as  discussed  below. 

Symbols  used  in  the  equations  are: 

Z  -  Complex  input  impedance  with  OWL  termination  open 
oc 

a  complex  input  impedance  with  OWL  termination  shorted 

_  • 

i  =  Complex  propagation  constant  for  TEH  waves  on  the  OWL 

Zq  3  Complex  characteristic  impedance  of  the  OWL 

«r  =  Relative  dielectric  permittivity  of  the  sample  medium 

3  Relative  magnetic  permeability  of  sample  medium 
5  =  Loss  tangent  of  samole  medium 

<?  *  Conductivity  of  sample  medium,  mho  meter 

o  a  Attenuation  rate  in  sample  medium,  Neper  meter, 
x  *  Radian  wave  frequency 

L  a  Length  of  OWL.  meters. 

First,  we  find  the  characteristic  impedance  of  (he  OWL: 


7.  *  (7.  7.  ) 

o  or  sc 


The  entire  development  is  based  on  the  assumption  (hat  the  im-vitabli 
longitudinal  t  component  of  (he  elect romagnet tc  field  is  negligibly 
sma 1 1 ■ 
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t 


Next,  the  propagation  constant: 


Z 


T  =  t  arctanh  - —  or  f  =  -  arctanh  _ 

L  Z  L  Z 

oc  o 

# 

and,  using  prises  to  denote  air-related  symbols,  we  can  develop 

«  =  -  i«j  r/7  !  ■=■  ia  Jr'/z'[ 

r  tv  I  ol  (  o) 


6  =  cot  [ARG  17 Z  1 
o 


(2) 


l  s  »,Ja  jz  rj  -T  Im  \?:  H 

r  aj  |  o  |  I  o  i 


o  =  ux  c  6 
o  r 


«  *  8.8542  x  10~12  Farad/meter 

o 


«  *  I  fr1  {£~?  ->1)1' 


(3) 


(4) 


<&) 


(6) 


(7) 


where  c  Is  the  velocity  of  light  in  vacuum.  If  6  <  0.5  we  ean  approximate 

„  #  1.1 
O  aa  60  r*<3  (p  c  ) 
r  r 

It  is  inconvenient  to  short  the  owl  termination  when  the  probe  is 
used  in  earth,  so  *v  obtain  the  characteristic  impedance,  not  from  opvn 
and  shorted  isq>odancc  measurements,  but  from  two  measurements  made  with 


Often,  a  slightly  different  measurement  frequency  *os  used  in  air  (e.g., 
resonating  the  system  at  slightly  different  ambient  temperatures). 
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different  probe  lengths.3  If  the  input  impedances  Z.  and  Z2  are  measured 
for  the  probe  lengths  L  and  2L,  respectively,  then  we  have: 

1/2 

Zq  =  [Z1(2Z2  -  7.^  (8) 

and  the  remainder  of  the  computation  can  follow  Eqs.  (2)  through  (7) 

if  one  replaces  2  by  Z  .  Usually,  the  permeability  n  ,  Eq.  (5),  is 
oc  i  r 

assumed  equal  to  unity. 

When  TL  «  i,  at  low  frequency  and/or  short  probe  length,  the  OWL 
acts  as  a  capacitor,  and  we  can  write  simple  approximations  to  some  of 

the  above  expressions.  Assuming  p  *  1,  we  find  that  so  long  as  TL  «  1, 

,  * 

we  need  only  measure  Z^  and  Z^  to  obtain  the  electrical  constants; 

_  /  z'  sin  ARC  Z, 

C  tv  1  1 

€  =3  ~  /  =  —  ~  ,  (9) 

r  C  u)  7.J  sin  ARC 

6  *  -cot  (ARC  Zj)  «  1/Q  (10) 

Here,  C  is  the  value  of  the  equivalent  capacitor  and  Q  is  its  energy 
storage/loss  ratio.  The  remaining  constants  may  be  found  by  substitution 
of  the  results  of  Eqs.  (9)  and  (10)  in  (6)  and  (7).  This  approximate 
technique  is  the  simplest  for  earth  measurement  work  in  situ,  .«nd  we 
have  used  it  with  confidence  below  6  MHz. 

B.  Experimental  Techniques 

In  obtaining  measurements  by  'he  OWL  technique,  Kirkscr-ther3 
sacrificed  some  accuracy  by  using  an  unbalanced  connection  to  a  General 
Radio  915-A  RF  bridge  at  frequencies  up  to  10  MH/..  The  error  introduced 
in  ground  constants  measured  in  this  way  is  probably  not  serious  if  the 
approximate  technique  can  be  used  (i.e.,  assuaitw  the  probe  is  » 

•  / 

Or  and  Z^;  but  this  var:it;on  of  the  technique  is  not  useful  in 
foliage  at  frequencies  above  perhaps  0.5  MH/..  Sr  have  »  »ed  it  only 
in  measuring  ground  constants. 
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capacitor);  but  we  have  used  balanced  connections  through  coaxial 

* 

transmission-line  baluns  to  a  GR  1606-A  RF  bridge  at  6  MHz  and  above, 
shifting  to  the  GR  1602-B  admittance  meter  at  VHF.  We  have  also  used 
the  Boonton  250A  RX  meter,  and  HP  803A  VHF  bridge,  but  they  are  not  as 
versatile  for  our  purpose. 

The  contact  potentials  set  up  between  the  probe  and  earth  should  be 
negligible  at  RF,  as  Kirkscether  has  indicated.3  But  we  have  checked 
this  effect  by  reinserting  a  probe  sprayed  with  insulation  on  several 
occasions,  and  were  unable  to  detect  any  significant  change  in  its  im¬ 
pedance. 

The  first  versions  of  the  OWL  earth  probe  are  shown  in  Fig.  2. 

They  are  made  oi  brass  rods  spaced  2.5  cm  apart  for  VHF  and  5  cm  apart 
for  HF,  respectively,  by  a  rigid  dielectric  wafer.  Each  set  consists  of 


FiG.  2  SMALL  BRASS- ROD  PROBE  FOR  EARTH  MEASUREMENTS 


* 

Ba la need- to- unbalanced  transformers. 
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two  such  probes,  or.e  twice  the  length  of  the  other.  These  are  10  and 
20  cm  long.  They  have  been  used  at  frequencies  from  6  to  25  (HF  set) 
and  50  to  200  MHz.  Their  spacing  is  not  variable.  The  rods  are  usually 
inserted  into  holes  drilled  with  a  wood  bit. 

Another  earth  probe,  used  only  for  measurement  by  the  approximate 
method  (see  Sec.  II-A)  is  shown  in  Fig.  3.  It  is  made  of  two  large 
(1.6-cm-diamcter)  brass  rods  one  meter  long,  tapped  at  one  end  for 
connection  to  the  impedance  bridge  leads.  No  spacer  is  used,  since  the 
approximate  technique  does  not  require  measurement  of  characteristic 
impedance.  This  probe,  used  at  low  HF  or  MF,  is  inserted  into  two  holes 
punched  with  a  steel  spike.  Their  spacing  is  then  measured  so  the  probe 
can  be  hung  at  that  spacing  in  air  for  control  measurement.  The  bridge 
connection  is  usually  made  unbalanced  (e.g.,  without  the  use  of  an 
external  balun). 


FIG.  3  LARGE  EARTH  PROBE  FOR  APPROXIMATE  TECHNIQUE  ONLY 
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The  earth  probe  shown  in  Fig.  4  is  a  refinement  of  the  first  one, 
allowing  variable  spacing.  It  has  been  used  at  HF  and  VHF.  Varying 
the  spacing  allows  us  to  adapt  our  impedance-measuring  capabilities  to 
various  types  of  earth  over  a  wide  frequency  range. 

The  small  vegetation  probe  shown  in  Fig.  5  is  made  of  1. 6-cm-diameter 
brass  tubing  plated  with  silver.  These  tubes  can  be  connected  in  sets 
1  meter  long  to  form  a  probe  of  any  desired  length  up  to  6.5  meters, 
since  the  terminal  section  is  designed  like  a  trombone  slide.  The  spacers 
that  support  the  tubing  allow  a  choice  of  conductor  spacing — 7.6,  15.2, 
or  22.9  cm.  We  use  a  38-cm-diameter  aluminum  disc  when  shorting  the 
probe  termination.  This  probe  has  been  found  satisfactory  for  balanced 
measurements  in  dense  vegetation  at  frequencies  between  6  and  100  MHz. 

The  large  vegetation  probe  shown  in  Fig.  6  is  made  of  10-cm-diameter 
aluminum  drainage  pipe  coated  to  inhibit  corrosion.  It  may  be  assembled 
in  lengths  up  to  30.5  meters  from  6.1-meter  sections  fitted  with  friction 
joints.  Since  the  conductors  are  supported  on  poles,  their  spacing  could 
be  varied  at  the  expense  of  some  effort,  but  we  have  always  set  them 
one  meter  apart.  We  have  chosen  operating  frequencies  between  3  to  30 
MHz  for  which  this  probe  is  nearly  an  odd  integral  number  of  eighth 
wavelengths  long,  and  we  have  cut  coaxial  baluns  accordingly.  We  use  a 
bar  made  of  the  aluminum  drainage  pipe  when  shorting  the  probe  termination. 

The  latest  OWL  probe  innovation  is  shown  in  Fig.  7.  We  string 
number  12  copper  wire  between  two  posts  cr  trees  and  use  it  in  the  same 
way  we  would  use  the  aluminum  pipe,  except  that  the  short  termination  is 
made  with  a  clip  lead.  We  were  able  to  do  this  successfully  at  6,  12.5, 
and  15  MHz  with  a  2-meter  conductor  spacing  and  wire  lengths  up  to  31.5 
meters.  The  wire  lengths  are  chosen  to  make  the  probe  approximately  an 
odd  integral  number  of  eighth  wavelengths  long  at  the  three  operating 
frequencies . 

Of  the  OWL  probe  configurations  shown  in  Figs.  2  through  7,  those 
allowing  variability  of  spacing  proved  the  most  useful,  because  they 
were  adaptable  to  both  physical  and  electrical  properties  of  the  sample. 

The  copper  wire  probe  (Fig.  7)  is  most  convenient  for  height-profile 
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FIG.  4  SMALL  EARTH  PROBE  WITH  VARIABLE  SPACING 


FIG.  6  LARGE  ALUMINUM-PIPE  PROBE  FOR  VEGETATION  MEASUREMENTS 
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work  among  trees  above  the  undergrowth;  the  aluminum  pipe  (Fig.  6) 
is  handy  for  very  dense  growth  including  trees,  but  the  small  brass 
vegetation  probe  (Fig.  5)  is  the  easiest  to  use  since  its  length  is 
continuously  variable  and  it  can  be  placed  in  any  vegetation  with  3 
degrees  of  freedom.  The  spacing  of  all  three  vegetation  probes  can  be 
varied  within  reasonable  limits,  but  only  small-spacing  probes  are 
efficient  at  VHF.  We  have  relied  heavily  on  the  use  of  the  small  vege¬ 
tation  probe,  depending  on  a  statistical  sampling  approach  to  make  the 
values  obtained  with  it  more  nearly  representative  of  the  growth  in  a 
region  or  t orest. 

When  obtaining  probe  measurements  in  vegetation,  we  have  faced  the 
problems  caused  by  heterogeneity  in  the  sample  by  careful  orientation 
of  the  probe  and  multiple  measurement,  often  pairing  results  of  measure¬ 
ments  with  the  probe  input  and  termination  interchanged,  or  with  an 
axial  probe  shift  of  about  one-quarter  wavelength  to  help  overcome  the 
effect  of  heterogeneity  of  the  sample  along  the  probe’s  long  axis.  Even 
so,  a  large  number  of  single  measurements  is  required  to  describe  a 
sample  of  vegetation,  and  we  usually  mark  off  the  vegetation  into  stations 
in  a  matrix  pattern,  and  try  to  base  our  statistics  on  at  least  20 
measurements  per  sample  per  frequency 

We  now  h^ve  computer  programs  for  transforming  bridge  readings  to 
OWL  input  impedance,  and  then  calculating  all  the  constants  and  listing 
results  in  tabular  form.  From  these,  clerks  plotted  (on  standardized 
graph  paper)  the  medians  and  quart iles  of  the  measurement  value  dis¬ 
tributions,  from  which  the  figures  were  drawn.  However,  we  have  continued 
to  spot-check  by  sliderulc  calculation  in  the  field. 

C.  Analytical  Procedures 

A  large  quantity  of  raw  electric-constant  data  was  collected  from 
the  forest  sites  in  different  parts  of  Thailand.  These  data  were  obtained 
as  impedances  of  open-wire  transmission- line  probes  inserted  in  vegetation, 
ground,  and  air.  Some  results  were  computed  by  sliderulc  In  the  field. 

• 

The  air  measurements  were  used  as  a  control  to  which  the  sample  measure¬ 
ments  wv re  normalized,  assuming  for  air  -  1.00  and  o  for  air  *  0. 

i:» 
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and  rough  analysis  was  made  to  give  guidance  for  the  field  crew.  Then 
all  field  data  were  sent  to  Bangkok  for  processing.  The  IBM  1620 
computer  at  the  Thai  Land  Department  or  the  IBM  360  at  the  National 
Statistical  Organization  was  used  to  work  out  the  data,  several  thousand 
problem  sets  in  total. 

The  field  data  were  grouped  according  to  site,  type  of  sample, 
operating  frequency,  probe  dimension,  and  measured  station.  They  were 
encoded  in  computer  format  on  punch  cards.  Before  running  the  computer, 
the  data  had  to  be  sorted  to  relate  the  sample  medium  and  the  air 
(control)  data  at  each  probe  dimension,  frequency,  length,  and  experimental 
condition  or  time  period. 

The  computer  program  consists  of  two  parts,  called  Program  I  and 
Program  II.  The  field  data  were  entered  in  the  appropriate  format 
of  Program  I  for  computing  the  open  and  short-circuit  impedances  of  the 
vegetation  probes  or  the  open  impedance  at  lengths  L  and  2L  for  the 
ground  probes.  Computer  Program  I  transforms  the  raw  data  from  four 
types  of  impedance  measurements  [parallel,  series,  polar,  and  inverse 
(admittance)  bridges]  to  obtain  the  impedances  as  they  appear  at  the 
input  of  the  probe.  It  also  computes  2^  and  Phase  Constant  B  from 
either  of  two  measurement  techniques:  open-short-ended  probe  or 
Kirkscether' s  L,  2L  method  (Sec.  II-A).  The  outputs  of  Program  I  are 
listed,  and  punched  into  file  cards.  The  file-card  outputs  from  Program 
I,  grouped  as  to  corresponding  sample  and  control  (air)  results,  arc 
the  input  data  for  Computer  Program  II.  The  flow  diagrams  fur  both 
programs  are  given  in  Appendix  H. 

The  separation  of  Programs  l  and  II  allows  one  to  check  the  experi¬ 
mental  data,  especially  to  see  whether  the  approximate  method  should 
be  used  in  computing  ground  constants.  Also,  extra  measurement  *  were 
often  taken  in  each  probe  position,  since  it  is  not  feasible  to  pick 
up  the  best  value  from  raw  data.  The  quantity  of  data  is  so  great  that 
the  slldcrulc  cannot  keep  pace.  The  Program  1  output  listing  was  studied 
for  reasonable  results  according  to  the  criteria,  that,  fo.  a  probe 
in  an  effectively  homogeneous  dielectric  medium,  Z  <  z  and 
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ARG  ZQ  >  arg  Z\  Thus,  the  possibility  of  obtaining  «r  <  1.0  was 
avoided  in  the  results. 

These  criteria  are  explained  by  the  following  argument  taken  from 
Ref.  1. 

In  terms  of  its  distributed  resistance  R,  conductance  g,  capacitance 
C,  and  inductance  t,  the  characteristic  impedance  of  the  probe  is 


7.  - 

o 


(11) 


It  the  probe  was  placed  in  a  lossless  medium  such  as  air, 

C  a-  1.0 
r 

g  *  0 
R  «  0 
i  »  l' 
c  =  c 

and 

■/  ...  <;  c')1  2  .  < 

o 

When  the  probe  is  placed  in  a  lossy  medium  such  as  foliage,  having 
elleclivc  permit lvily  tr  and  effective  conductivity  then 


Ikrt-  the  prills  denote  .1 1  r~  re  la  ted 

• 

It  now  appear*  that,  for  vegetation,  Z„  *  hence  cr  |.t»,  may 

Ik-  a  valid  result,  since  the  eonducting  stems  might  ua.iMun.i)Iv  loro 
.1  phase-advancing  lens  (see  .See.  IV-A).  The  er|teri**n  for  Cr  1.0  was 
applied  for  all  results  shown  in  this  report  except  t  ho*e  in  Itg.  -I. 

*e  twve  di  sront  inued  its  us<-  at  HT  hut  do  not  find  th.it  t  h«-  in«  lti«tnn  ol 
cr  l.o  would  significantly  change  our  results. 
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V 


C  =  «rC 


* 


so  that 


Z 

o 


'iut  l '  (u>«  +  jo)“ 
o 

2  2  2 

c  (u)  e  +  a  )  . 


1/2 


(13) 


where  «  z  *rCo.  Since  6  =  0/uX,  we  can  simplify,  using  Eq.  (12),  to: 


7. 

o 


(14) 


Then, 


(15) 


and  we  see  that  /Z  /  <  /Z V  unless  5  is  saall  and  C  is  less  than  1.0. 
o  o  r 

Further,  ( row  Eq.  (14),  we  can  develop,  using  coaplex  algebra 


j 


ARC  Z  -  ARC  Z'  r*  1/2  Arctan  5  (16) 

o  o 

froa  which  it  follows  that  (or  any  lossy  dielectric, 

ARC  7.  >  ARC  Z#  (17) 

o  o 

For  ground  constant  results  at  low  frequency  the  lossy-capacitor 
approach  (see  Sec.  !!-A)  aay  bo  valid.  This  can  be  judged  froa  the 


Often,  it  is  the  aore  reliable,  since,  when  Zj  and  Z^  in  Bq.  (6)  are 
both  large,  errors  in  the  iapcdancc  measure went*  greatly  influence 
the  value  of  ZQ  froa  which  the  ground  constants  arc  obtained  by 
Kt rfejM-el her* »  L.  2L  acthod. 
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negative  arguments  of  the  input  impedances  of  the  open-ended  probe  in 
ground  at  lengths  L  and  2L.  If  the  arguments  of  those  two  impedances 
were  nearly  equal,  the  approximation  formula  was  applied  to  compute  the 
a ,  and  6  from  the  single-input  impedance  data  by  sliderule  (assuming 
p.  is  unity). 

The  impedance  data  not  subjected  to  approximation  or  rejection 
were  entered  in  Computer  Program  II  for  computing  the  electrical  para¬ 
meters  such  as  the  relative  permitivity  (6r>,  the  conductivity  (c),  the 
relative  permeability  (y^),  the  loss  tangent  (6),  the  attenuation  constant 
(O'),  the  phase  constant  (|3),  and  the  propagation  constant  (y)  of  the 
medium.  Since,  by  use  of  Eqs.  (3)  through  (7),  any  of  the  desired 
parameters  of  a  lossy  dielectric  medium  can  be  found  from  knowledge  of 
«r,  o,  and  p.^,  we  choose  to  publish  only  those  used  directly  in  the 

current  propagation  models.  These  are  €  and  c  (Sachs/Wyatt/Tamir) 

r 

and  and  6  (Taylor).  We  continue  to  assume  =  1.0,  since  the  models 
do  so,  although  there  is  justification  for  making  it  a  variable,  as  we 
shall  see  from  Sec.  IV-A. 

D.  Environmental  Surveys 

The  work  of  the  Military  Research  and  Development  Center’s 
Environmental  Sciences  Division  (MRDC-ES)  in  forestry  surveying  and 
soil  analysis  has  been  supplementary  to  our  own.  At  the  sites  where 
we  made  electromagnetic  measurements  of  vegetation  and  ground  constants 
(except  Laem  Chabang),  MRDC-ES  survey  teams  helped  choose  special 
volumes  of  undergrowth  foliage  that  seemed  representative  of  an  area 
or  were  at  least  representative  of  natural  growth.  The  survey  teams 
took  descriptions,  counts,  and  measurements  of  height  and  diameter  at 
some  reference  height  and  nearest-neighbor  distance  (NND),  of  all  trees, 
vines,  and  shrubs  within  those  volumes.  These  special  volumes  were 
then  marked  off  into  matrix  stations,  and  the  vegetation  constants  were 
measured  with  the  small  probe.  In  two  instances,  at  Muen  Chit  and 
Chumphon,  the  entire  volume  of  foliage  was  then  cut  down  and  weighed 
for  biodensity  studios  (see  Appendix  A). 
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In  addition  to  the  special  volumes,  the  MRDC-ES  surveyed  several 

standard  10-by-40  meter  forest  plots  at  each  of  our  sites,  which  they 

* 

have  described  in  full  — from  species  names  to  cumulative  distributions 
of  growth  parameters— for  all  trees  having  breast-height  diameter  (DBH) 
greater  than  5  cm.  They  also  tabulated  soil  data,  analyzed  by  MRDC-ES 
and  Southeast  Asia  Treaty  Organization  (SEATO)  laboratories.  Excerpts 
from  these  environmental  descriptions  are  given  in  Appendices  C  (Chumphon), 
D  (Pak  Chong),  E  (Laem  Chabang),  F  (Satun),  and  G  fMuen  Chit).  Methods 
involved  in  forest  surveying  are  given  in  Appendix  B. 


* 

Except  Laem  Chabang. 
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Ill  FIELD  MEASUREMENTS 


A.  Muen  Chit  Results 

An  SRI  search  for  an  alternate  ‘orest  area  similar  to  that  used  by 
Jansky  &  Bailey  near  Pak  Chong  located  a  forest  near  the  village  (ban) 
of  Muon  Chit,  about  25  km  southeast  of  Chon  Buri,  m  the  province  of 
the  same  name.  There,  in  conjunction  with  airborne  and  manpack  Xeledop 
experiments,  we  began  our  first  foliage  measurement  series  in  Thailand. 
Figure  8  is  a  map  of  the  test  area  and  its  surroundings  showing  the 
locations  of  the  OWL  test  plots  relative  to  selected  Xeledop  receiving 
antennas  and  the  MRDC-ES  survey  plots. 

A  detailed  description  of  the  site,  based  on  the  environmental 

survey  done  by  the  MRDC-ES,  is  included  in  Appendix  G.  Brieily,  there 

were  about  ten  square  kilometers  of  trees,  bordered  on  the  southwest 

by  the  tapioca  fields  where  much  of  the  control  measurement  was  done 

for  the  several  experimental  programs  in  progress  at  the  site.  The 

grove  had  been  subject  to  selective  logging  for  many  years,  so  that 

the  remaining  older  trees  of  the  population  were  interspersed  with 

second-growth  members,  and  there  was  dense  undergrowth  everywhere, 

rising  often  as  high  as  7  meters,  where  it  merged  with  the  lower  story 

of  tree  crowns.  The  tree-crown  canopy  in  this  dry  evergreen  forest  was 

often  three-storied.  Then  the  upper  story,  quite  discontinuous,  grew 

between  25  and  34  meters  high.  The  middle  story,  containing  more 

species,  grew  from  15  to  24  meters  high.  The  lowest  story  was  of  young 

trees  that  had  attained  heights  between  6  and  14  meters.  In  many  places, 

* 

especially  the  areas  bordering  the  tapioca  field,  the  forest  canopy 
was  two-storied.  Here,  the  upper  story  lay  between  15  and  30  meters, 
the  lower  between  6  and  15.  Vertical  projection  of  the  canopy  system 
for  all  the  10-b, -40-meter  plots  surveyed  would  cover  only  67  percent  of 
the  total  plot  area. 


* 

Where  VHF  antennas  for  the  Xeledop  experiments  were  set  up. 
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SCALE 


We  chose  four  experimental  areas  for  the  measurement  of  vegetation 
electrical  constants  during  our  first  visit  to  the  site  in  June  of  1966. 
These  areas  are  marked  on  Fig.  8  as  Samples  MI,  Mil,  Mill,  and  Miv. 

Sample  MI  was  a  dense  undergrowth  along  a  forest  trail,  where  we  perfected 
our  measurement  techniques.  We  used  the  small  vegetation  probe  there, 
translating  its  position  in  a  regular  pattern.  Sample  Mil  was  selected 
(with  the  help  of  MRDC-ES  personnel)  to  be  typical  of  undisturbed  under¬ 
growth  in  that  forest  area.  It  was  found  deep  in  a  thicket,  all  of 

* 

which  was  later  cleared  save  the  sample  itself,  a  volume  on  a  3-meter- 
square  base,  and  about  3  meters  maximum  height,  the  "cube"  thus  formed 
being  marked  off  with  nylon  cord  into  stations  0.6  meter  apart  in  a 
matrix  pattern  for  convenient  measurements  with  the  small  vegetation 
probe.  We  inserted  the  probe  from  two  sides  and  from  the  top  "face"  of 
Sample  Mil,  hoping  to  obtain  a  statistical  measurement  population  suf¬ 
ficient  to  describe  the  vegetation  despite  its  heterogeneous  growth  habit. 

We  picked  Sample  Mill  in  the  canopy  of  a  small  tree  of  the  lowest 
story,  inserting  the  small  probe  at  random  about  a  point  7  meters  above 
ground.  Here,  we  tried  to  orient  the  probe  so  that  the  vegetation  near 
the  conductors  was  symmetrical  about  their  long  axis,  but  the  presence 
of  limbs  larger  than  the  probe  hampered  successful  measurement,  and  we 
decided  that  another  type  of  probe  would  be  required  for  use  in  canopy 

foliage.  The  number  of  results  that  appeared  to  reflect  Sample  Mill 

+ 

as  a  "homogeneous  medium”  was  not  great  enough  to  represent  the  lowest- 
story  canopy  well.  We  may  estimate  «  1.02,  a  «-  10  p-mho/ meter,  and 
6  rs  0.01  at  HF  for  the  canopy,  but  cannot  place  high  confidence  in  these 
values . 


The  entire  sample  was  cut,  following  these  electric  measurements,  and 
packed  in  a  hopper  containing  the  small  vegetation  probe,  whence  the 
variations  of  its  electric  constants  and  weight  were  measured  for  several 
days.  This  biodensity  experiment  is  reported  in  Appendix  A. 

The  presence  of  a  few  large  limbs  in  the  volume  sensed  by  the  small-scale 
probe  often  unbalanced  it  seriously,  causing  an  impossible-looking 
effective  electric  constant  to  result. 
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Sample  MIV  was  in  a  volume  containing  tapioca  plants.  These  plants 
in  the  "open"  field  southwest  of  the  forest,  negligible  in  April  when 
the  antenna  pattern  measurements  began,  grew  up  to  about  4.5  meters  by 
mid- July,  so  that  we  feared  they  might  be  affecting  some  of  the  antenna- 
pattern  control  measurements. 

The  results  from  Samples  MI,  Mil,  and  MIV  are  compared  in  the  graphs 
of  Fig.  9,  where  medians  and  quartile  bounds  (including  half  the  popu¬ 
lation  of  values)  obtained  for  effective  ef,  6,  and  a  are  plotted  as 
(unctions  of  frequency.  The  dashed  curves  are  the  result  of  attempting 
to  fit,  by  eye,  a  monotonic  function  of  frequency  to  the  data.  The 
population  sizes  for  each  frequency  are  shown  in  parentheses  near  the 
loss-tangent  values.  Where  the  populations  had  fewer  than  five  members, 
we  used  the  entire  population  range  instead  of  its  quartile  bounds. 

The  undergrowth  of  Sample  MI  was  visibly  the  most  dense,  and  we  are  not 
surprised  to  find  that  the  volume  containing  it  had  higher  effective 
a  than  that  of  undergrowth  Mil,  or  the  sparsely-grown  tapioca  of  Sample 
MIV.  But  the  similarities  apparent  between  the  electric  constants  of 
Samples  Mil  and  MIV  would  not  seem  probable  to  the  observer  who  based 
his  guess  on  visual  appearances  of  the  growth. 

Six  months  after  we  began  our  field  work  at  the  Mucn  Chit  site, 

we  revisited  that  site  in  order  to  obtain  vegetation  constants  with  the 

large  aluminum-pipe  probe  in  dense  undergrowth  (Sample  MVI)  similar 

to  that  of  Sample  Mil.  We  also  wished  to  compare  results  obtained  with 

that  probe  to  the  distributions  of  values  measured  with  the  small  vege- 

* 

tation  probe  in  the  same  volume,  which  we  called  Sample  MVI I.  This 
comparison  of  December  1966  results  is  shown  in  the  graphs  of  Fig.  10, 
where  we  also  show  lumped  results  from  Samples  MI  and  Mil,  labeled 
June  1966.  Notice  that  there  was  usually  a  factor  of  2  difference 
between  the  results  obtained  with  the  large  and  small  probes,  and  that 
there  was  also  a  difference  between  June  and  December  results.  The 

★ 

Although  a  sample  area  MV  is  indicated  on  Fig.  8,  no  data  were  obtained 
there.  Samples  MVI  and  MVII  were  near,  but  not  within  MRDC-ES  survey 
plot  No.  .'391. 
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latter  could  arise  from  a  seasonal  cause,  but  the  tests  were  not  well 
designed  to  show  purely  seasonal  variation,  since  the  June  and  December 
samples  were  not  the  same,  but  similar  in  appearance.  The  position  of 
Sample  MVI,  marked  on  Fig.  8,  was  near  that  of  the  SRI  6-MHz  inverted-L 
antenna,  about  400  meters  north  of  Sample  Mil. 

We  measured  electric  constants  of  the  earth  near  Samples  MI  and  Mil 
in  the  forest.  Results  of  these  measurements  are  shown  in  Fig.  11. 

The  RF  ground  constants  were  found  not  to  vary  with  depth,  at  least  to 
2  meters. 

Results  of  earth- resistivity  measurements  (dc)  made  in  the  forest 
along  trails  between  Samples  MI  and  Mil  give  an  indication  of  the  sub¬ 
surface  conductivity  stratification  at  the  site.  Together  wi+,-> 
of  a  soil  survey  done  there  under  the  direction  of  the  MRDC-ES,  they  show 
that  the  earth  was  heterogeneous  near  the  surface,  which  was  mostly 
brown  sand,  having  an  average  moisture  content  of  about  10  percent  by 
weight  and  dc  conductivity  of  1.7  to  3.4  mmho/ meter  down  to  about  3 
meters,  where  a  deeper  stratum  having  higher  dc  conductivity  (perhaps 
100  mmho/m)  seems  to  begin. 

B.  Pak  Chong  Results 

The  Jansky  &  Bailey  forest  site  near  Pak  Chong  is  described  in 
detail  in  Refs.  18  and  19,  parts  of  which  are  reprinted  in  Appendix  J). 

The  main  camp  is  in  a  large  valley  supporting  dry  evergreen  forest 
similar  in  many  respects  to  the  forest  at  Muen  Chit.  since  our  time 
at  the  site  was  very  limited,  we  chose  to  measure  vegetation  constants 
with  the  small  probe,  and  chose  only  two  samples  near  the  first  J  &  U 
trail  marker  on  Trail  B,  designated  FP  B-l.  This  sample  spot  was  chosen 
with  the  help  of  MRDC-ES  personnel,  and  it  happened  to  be  within  MRDC-ES 
Plot  No.  43,  surveyed  by  the  group  two  years  before.*"  Other  former 
MRDC-ES  plots  nearby  were  Nos.  44  and  82  (aee  Fig.  12). 

The  forest  at  this  J  &  B  site  usually  had  its  crown  canopy  in  two 
stories:  the  lower  between  1.5  and  18  meters  and  the  upper  between  6 

and  11  meters.  Vertical  projection  of  all  canopy  cover  surveyed  indicates 
that  it  co  cred  fit)  percent  of  the  ground  area.  Tlus  is  (|uite  similar  to 
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the  canopy  coverage  estimated  /or  the  forest  near  Muen  Gilt.  However, 
since  the  lower  canopy  at  the  Pak  Chong  site  was  closer  to  the  ground, 
it  blocked  more  light,  and  the  undergrowth  at  this  site,  though  dense, 
was  not  so  luxuriant  as  that  at  the  Muen  Chit  site.  We  were  able  to 
walk  about  at  Pak  Chong  without  cutting  a  path.  As  with  the  forest  at 
Muen  Chit,  much  of  the  Khao  Yai  forest  at  Rak  Chong  was  secondary  growth, 
not  virgin  stand. 

3 

We  marked  off  a  cubic  volume  (27  m  )  in  the  undergrowth  about  20 
meters  from  J  It  B  fixed  point  marker  FP  B-l,  using  nylon  cord  to  define 
stations  0.6  m  apart  in  a  cubic  matrix,  and  called  the  volume  of  vege¬ 
tation  enclosed  Sample  PI.  We  Inserted  the  small  vegetation  probe  into 
this  cube  from  two  adjacent  sides  to  obtain  a  distribution  ol  the  effective 
vegetation  constants  there.  We  then  took  a  random  distribution  of  similar 
measurements  in  the  vegetation  surrounding  Sample  PI,  calling  this  dis¬ 
tribution  Sample  PI I.  The  medians  and  quartile  bounds  of  the  measurement 
populations  for  each  sample  are  shown  in  Fig.  13.  The  population  sizes 
for  each  frequency  are  shown  in  parentheses.  If  the  population  numbered 
less  than  5,  we  used  its  total  range  instead  of  its  quartile  bounds. 

We  also  used  the  probe  to  measure  electric  constants  of  the  ground 
beneath  Sample  PI.  The  results,  which  apply  for  the  surface  only  (to 
is  30  cm  depth),  are  given  in  Fig.  14.  We  did  not  check  their  variation 
with  depth. 

Earth  resistivity  amasurements  (at  dc)  were  aade  in  the  open  near 
the  J  It  B  transmitter  tower  for  estimation  of  subsurface  conductivity 
stratification  at  the  site.  Together  with  results  of  a  soil  survey 
done  there  under  the  direction  of  the  MRDC-ES,  they  show  that  the  earth 
conductivity  decreased  uniformly  with  depth,  from  a  surface  value  of 
about  8  mmho  a  (dc)  to  less  than  one  mmho'rn  (dc)  at  3  meters  down;  that 
the  soil  moisture  content  above  a  depth  of  one  meter  was  between  24  and 
33  percent  by  weight;  and  that  the  surface  in  the  vicinity  of  FP  B-l  was 
composed  of  either  silty  or  sandy  clay  (t‘SCS  terminology)  containing 
fragments  of  red  stone.  * 

• 

It  should  be  emphasized  that  the  soil  moisture  content  data  (obtained 
two  years  before)  do  not  seem  compatible  eith  the  electrical-constant 
da ta-- which  indicate  a  soil  moisture  content  of  S  to  10  percent. 
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c. 


Laem  Cha bang  Results 


The  coastal  brush  and  other  environment  on  the  beach  near  the 
SRI  Laem  Chabang  low-noise  site  have  been  described  in  Ref.  15  from 
which  wo  have  reprinted  excerpts  in  Appendix  E.  True  trees  are  scarce 
at  that  location,  and  none  taller  than  10  meters  was  found  there.  The 
vegetation  is  mostly  scrub  growth  classified  as  evergreen  beach  forest 
though  its  composition  of  shrubs,  bushes,  climbers,  and  thorny  herbs 
(including  cactus)  led  us  to  call  it  coastal  brush.  This  growth  presents 
a  dense  tangled  mass  that  provides  poor  penetration  and  visibility. 

It  is  quite  similar  to  what  we  have  called  undergrowth  at  other  sites, 
usually  growing  up  to  at  least  2.5  meters  and  sometimes  as  much  as  6. 

The  median  growth  height  is  about  3.5  meters.  The  growth  is  quite  evenly 
distributed,  as  one  may  see  from  Fig.  35. 

We  marked  off  a  matrix  with  nylon  cord  in  the  coastal  brush,  at  a 

3 

spot  near  MRDC-ES  Plot  No.  307  and  called  the  27-m  volume  enclosed 
Sample  LII  (see  Fig.  15).  Here,  we  used  the  small  vegetation  probe  to 
obtain  the  distribution  of  electric  constants  whose  medians  and  quart ile 
bounds  are  graphed  as  a  function  of  frequency  in  Fig.  16.  The  numbers 
of  valid  measurements  comprising  the  populations  presented  for  each 
frequency  are  in  parentheses.  Note  the  abscissa  has  a  linear  frequency 
scale.  Figure  16  represents  results  of  two  slightly  different  measurement 
techniques.  At  50  and  75  MHz,  a  GR  16G23  admittance  meter  was  used, 
but  at  100  MHz  the  Boonton  250A  RX-raeter  was  used.  The  use  of  the 
former  allows  us  to  reduce  the  effect  of  axial  inhomogeneity  in  the 
growth  sample  by  optimizing  probe  length.  We  would  have  expected  the 
100- MHz  a  results  to  fall  near  the  dashed  line  if  the  admittance  meter 
had  been  used  at  that  frequency. 

Similarly,  the  electric  constants  measured  with  the  probe  repeatedly 
inserted  into  the  earth  near  Sample  LII  are  shown  in  Fig.  17,  compared 
with  ground  constants  measured  200  meters  to  the  west,  on  the  open  beach. 
(The  latter  site  was  well  above  the  sea.  It  was  about  50  meters  from 
the  tide  lino.)  The  near-surface  soil  in  both  places--in  the  brush  and 
in  the  open — was  classified  as  well-graded  sand  (USDA),  which  was  mostly 
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FIG.  15  SRI  COASTAL  BRUSH  RADIO  PROPAGATION  STUDY  SITE  NEAR  1<EM  CHABANG 
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FIG  16  VEGETATION  CONSTANTS  MEASURED  AT  LAEM  CHaBANG  SITE 
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coarse  and  dry — witness  the  presence  of  cactus.  Thus  it  should  provide 
a  poor  electrical  ground,  and  we  were  not  surprised  to  find  that  our 
standard  technique  of  dc  resistivity  sounding  would  not  work  without 
some  wetting  of  the  soil  near  the  electrodes,  a  technique  that  produced 
results  of  doubtful  value.  The  natural  moisture  content  of  this  soil 
was  less  than  five  percent  above  a  depth  of  2  meters;  it  varied  slightly 
from  place  to  place.  These  factors  are  reflected  in  the  results  shown 
in  Fig.  17:  does  not  vary  appreciably  with  frequency  when  soil  moisture 

is  low,  but  a  does.  The  greater  slope  of  the  conductivity  variation  in 
sand  beneath  brush  indicates  that  was  the  drier  soil. 

The  values  for  6  MHz  (there  is  an  €  median  of  5  at  6  MHz,  not 
shown  in  Fig.  17)  were  measured  by  the  approximate  method  discussed  in 
Sec.  II-A,  using  a  10-cm  probe  only.  Obviously,  this  method  did  not 
always  produce  believable  results  even  though  the  approximation  involved 
should  be  best  for  short  probes  in  this  type  of  dry  soil.  The  fault 
here,  we  think,  lies  not  with  technique  itself,  but  with  the  ure  of 
physically  large  coaxial  baluns  to  connect  the  bridge  to  the  small 
probe,  and  the  need  for  choosing  a  bridge  that  is  well-suited  to  the 
measurement  of  Z  in  the  range  occurring  in  this  case. 

There  was  no  significant  variation  of  electric  ground  constants 
with  depth  (to  2  meters)  at  the  site.  The  ranges  of  values  at  each 
frequency  in  Fig.  17  represent  probings  at  each  of  5  levels — surface. 

0.5,  1.0,  1.5,  and  2.0  meters  depth. 

D.  Satun  Results 

The  J  &  13  test  site  on  the  Malay  Peninsula  is  near  Satun  on  the 
western  coast,  in  an  evergreen  tropical  rain  forest  (see  Appendix  F 
lor  detail).  Thunderstorms  are  prevalent  in  this  area,  usually  being 
heard  on  more  than  100  days  each  year,  and  bringing  torrential  rain 
that  produces  the  succulent  growth  northerners  associate  with  the  word 
jungle.  Indeed,  the  Khuan  Karlong  forest  at  the  site  is  the  last 
stand  ol  a  oncc-rich  wilderness:  but  it  has  lost  many  of  its  valuable 
t rees  to  the  a\ ,  so  that  its  upper-canopv  story  is  now  discontinuous, 
though  regular  tn  height,  having  trees  between  21  and  .'to  meters  tall. 
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The  greatest  numbers  of  trees  form  the  middle-story  canopy,  15  to  23 
meters  high,  in  a  seemingly  continuous  horizontal  layer.  There  is  a 
lower-canopy  story  composed  of  young  trees  between  8  and  14  or  more 
meters  high  that  forms  a  sort  of  height  continuum  with  the  middle  story; 
the  result  is  complete  canopy  coverage  of  the  ground  beneath  this  forest. 
The  irregular  undergrowth  must  live  on  filtered  light  except  where  rare 
breaks  occur  in  the  cover.  There,  in  the  direct  sunlight,  the  under¬ 
growth  resembles  what  we  saw  at  the  other  sites:  dense  shrubs,  climbers, 
and  herbs  reaching  up  between  3  and  7  meters,  barely  penetrable  on  foot. 

We  selected,  with  the  advice  of  MRDC-ES  field  personnel,  a  typical 
undisturbed  volume  of  undergrowth  on  a  base  of  9  square  meters,  tied  it 
off  into  stations  for  insertion  of  the  small  vegetation  irobe,  and  ob¬ 
tained  a  population  of  measurements  of  the  effective  electric  constants 
of  that  volume  containing  undergrowth,  which  we  called  Sample  SI.  The 
position  of  our  sample  may  be  located  with  respect  to  the  J  &  B  reference 
point  Z2  on  the  map  in  ?ig.  18.  The  medians,  quartile  bounds,  and  num¬ 
bers  of  that  population  of  vegetation  results  are  shown  in  Fig.  19. 

The  similar  process  of  measurement  of  effective  ground  constants  in 
the  earth  beneath  Sample  SI  produced  the  results  shown  in  Fig.  20.  The 
variation  of  ground  constants  with  depth  was  not  checked. 

Results  of  earth  resistivity  measurements  (at  dc)  made  in  the  middle 
of  the  clearing,  along  the  airstrip,  indicated  subsurface  conductivity 
stratification  at  the  site.  They  show  that  the  earth  conductivity 
varied  markedly  with  depth:  there  was  a  0.3-meter-thick  surface  layer 
of  conductivity  2  mmho/meter  (dc),  a  4.3-meter-thick  mid  layer  of  con¬ 
ductivity  0.4  mmho/racter  (dc),  and  a  region  below  that  having  dc  con¬ 
ductivity  15  mmho/meter.  Results  of  a  soil  survey  done  there  under  the 
direction  of  the  MRDC-ES  show  the  average  moisture  content  of  the  sandy 
soil  above  2  meters  was  29  percent  by  weight. 

E  Chumphon  Results _ 

The  ‘RI  test  site  or>  the  isthmus  of  Kra  southwest  of  Chumphon  (Fig. 
1)  is  in  a  low  valley  inundated  by  water  during  the  tireless  rains, 
often  to  a  depth  of  30  cm.  Some  types  of  vegetation  thrive  under  these 
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FIG  18  JANSKY  &  BAILEY  FOREST  RADIO  PROPAGATION  STUDY  SITE  NEAR  SATUN 
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conditions  (see  Appendix  C  for  detail),  forming  a  fresh-water  swamp 
forest  such  as  the  Wisai  Nua  forest  we  studied.  The  tree  growth  there 
1*  almost  uniform  throughout  the  forest  stand.  Its  canopy  is  three¬ 
storied  as  usual,  but  here  the  upper  story  is  almost  horizontally 
continuous,  between  25  and  36  meters  high.  The  middle  story  is  15  to  24 
meters  high.  The  lowest  story  contains  about  60  percent  of  the  trees, 
these  between  7  and  14  meters  high.  The  lowest  trees  are  heavily  sup¬ 
pressed  by  the  continuous  canopy  above  them,  yet  there  is  considerable 
undergrowth  present. 

The  undergrowth  is  quite  uniform,  in  two  layers,  the  upper  composed 
of  tree  seedlings  and  shrubs  growing  to  4  meters;  the  lower  layer,  on?y 
0.3  meters  high,  has  mostly  herbs.  Below  these,  the  soft,  muddy  forest 
floor  Is  covered  with  a  layer  of  humus  several  centimeters  thick. 

Following  the  advice  of  forestry  experts  on  vegetation  sample 
selection,  we  made  extensive  measurements  in  this  forest  to  study 
electric  constants  in  undergrowth  (Cl.  and  among  iarge  trees  in  absence 
of  undergrowth  (CIII),  and  the  height  profiles  of  the  electrical  constants 
among  large  trees  (CV).  These  expenss  ntal  sites  and  two  others  where 
we  measured  ground  constants  in  the  clearing  (Cl  and  CIV)  are  marked  on 
Fig.  21. 

To  compare  the  measurement  capability  of  the  recently  developed 
wire  vegetation  probe  with  that  of  its  ancestor,  the  pipe  probe,  at  HF, 
we  inserted  the  two  in  .sequence  among  large  tree  boles  of  Sample  CIII. 

The  results  are  shown  in  Fig.  22,  where  their  scatter,  seemingly  associated 
with  this  type  of  sample,  is  obvious.  Since  the  values  of  loss  tangent 
obtained  with  the  wire  followed  a  more  reasonable  trend  with  increasing 
frequency  than  did  those  measured  with  the  pipe  probe,  and  since  the 
ranges  of  all  constants  obtained  were  not  dissimilar,  we  decid'd  to  use 
the  wire  later  in  taking  height  prof.lcs  at  HF.  We  did  not  expect  the 
wire*  and  pipe-probe  results  to  be  identical,  since  the  wire  spacing  (2 
meters)  was  twice  that  of  the  latter  probe,  and  it  was  (at  20.8  m)  2.5 
meters  longer.  The  tendency  of  the  wire  to  produce  higher  conductivity 
results  than  the  pine  may  owe  to  its  enclosing  more  trees,  none  of  t hom 
smaller  than  5  cm  in  diameter  at  breast  height. 
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G.  22  COMPARISON  OF  WIRE  PROBE  AND 
BOLES  AT  CHUMPHON  SAMPLE  Oil 


In  the  undergrowth  sample,  CII,  we  used  both  the  large-spacing- 

wire  probe  in  one  position  (8  m  long)  and  the  small- scale-probe  in 

multiple  insertions  as  discussed  for  the  other  sites.  The  characteristics 

of  this  sample  are  described  in  Appendix  C;  it  was  more  dense  than  Muen 

2 

Chit  undergrowth  Mil,  and  larger.  Its  base  was  3.5  x  7.5  m  .  The  results 

of  our  vegetation-constant  measurements  there  are  shown  in  Fig.  23. 

Note  that  those  obtained  statistically  with  the  small  probe  show  reasona- 

* 

ble  behavior  with  increasing  frequency  through  75  MHz.  The  wire-probe 
results  were  neither  similar  to  those  nor  reasonable,  by  comparison, 
probably  because  the  larger  spacing-to- length  (in  wavelengths)  ratio  of 
the  wire  allowed  it  to  radiate  more  in  the  presence  of  undergrowth.  We 
decided  that  the  wire  must  be  made  several  times  longer  and  inserted 
at  more  positions  in  samples  measured  j.n  the  future,  which  would  of 
course  have  to  be  much  larger. 

We  chose  to  make  vegetation-constant  height-profile  measurements 
in  the  vicinity  of  the  HF  antenna  test  site,  where  several  forestry 
plots  had  been  surveyed.  From  a  trio  of  tall  trees  in  the  center  of 
Sample  CV,  we  strung  three  3ets  of  wire  probes  radially  at  each  of  three 
levels.  The  lowest  of  these  sets  was  in  the  region  of  tree  boles  only; 
the  second  was  midway  in  th»  I'nver  tree  canopy;  the  hignest  was  just 
witiii*.  the  middle  canopy,  above  about  70  percent  of  the  trees.  At  the 
hub  of  this  network  of  3  sets  of  wire  probes  we  erected  two  working 
platforms,  one  just  above  the  mud,  the  other  16  meters  high  in  the 
swaying  trees. 

Initially,  each  wire  was  31.6  meters  long.  We  later  trimmed  those 
we  could  reach  easily  to  28  and  then  21  meters  to  obtain  a  larger  popu¬ 
lation  of  measurements.  We  also  shifted  two  of  the  probes  horizontally, 
but  did  not  continue  this  laborious  process,  as  time  was  short.  All 
wire  probes  above  the  lowest  level  ended  at  large  trees  laddered  with 
spars  for  the  climbers  who  changed  the  probe  terminations. 

* 

The  loss  tangent  of  a  dielectric  medium  should  decrease  hyperfcolically 
except  in  the  frequency  band  wheru-  er  has  a  resonant  peak  related  to 
polarizability  of  constituents  of  the  meciurn. 


CONDUCTIVITY 


We  were  forced  to  make  several  measurements  and  average  these  for 


each  position  of  the  probe  because  the  swaying  of  the  trees  in  the 

persistent  wind  caused  widely  ranging  impedance  readings.  Even  so,  the 
* 

results,  especially  for  a  and  6,  covered  more  than  one  order  of  magnitude 
(see  Figs.  24  and  25).  Referring  to  the  results  for  6,  one  may  see  that 
dispersion  of  the  sample  range  increased  with  both  height  and  frequency, 
and  note  that  above  9  m  and  6  MHz  no  6  values  occurred  between  0.01 
and  0.04.  This  curious  grouping  of  the  6  results  (it  is  not  so  obvious 
in  the  a  graph)  seems  to  be  related  to  the  branching  of  the  trees,  as 
there  were  no  branches  below  about  9  m,  and  undergrowth  had  been  cleared 
from  the  entire  area.  Obviously,  with  this  much  dispersion  occurring 
in  the  results,  we  will  require  many  more  measurements  than  we  took  in 
order  to  describe  the  electric  constants  of  a  tree  canopy  region.  It 
may  be  premati  >  to  bound  €r  between  0.96  and  1.14,  and  6  between  0.004 
and  0.16  in  the  canopy,  or  a  for  canopy  foliage  between  2  and  200  mmho/m 
at  HF.  The  limits  seem  both  too  high  and  too  low.  There  is  no  evident 
central  tendency  in  this  measurement  population  of  3  to  5  members  per 
frequency  per  height,  even  for  the  region  having  no  branches. 

We  can  compare  results  for  the  lowest  region  with  those  obtained 
at  a  similar  height  in  Sample  CIII  (Fig.  22).  Table  I  will  suffice. 


Table  I 

HF  ELECTRICAL  CONSTANTS  FOR  SAMPLES  CIII  AND  CV 


Frequency 

(mHz) 

Dielectric  Constant 

Loss  Tangent 

Conductivity 

C 

r 

6 

a  (mmho/m) 

CIII 

CV 

CIII 

CV 

CIII 

CV 

6  -  8.5 

1.0  -  1.1 

1.01  -  1.08 

.01  -  .15 

.075  -  .45 

5-60 

2-18 

12.5 

.08 

.98  -  1.04 

.08 

.08  -  . 04 

54 

6-26 

12  -  16 

1.06  -  1.1 

.99  -  1.09 

.025  -  .15 

.002  -  .027 

14  -  28 

1-28 

* 

In  Figs.  24  and  25  the  circles  represent  spatially  independent  measure¬ 
ments,  usually  averages  for  a  single  probe  position. 
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FIG.  25  HEIGHT  PROFILE  RESULTS  a  AND  a  MEASURED  AMONG  TREES 
OF  CHUMPHON  SAMPLE  CV 
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Notice  that  if  C'HI  results  were  added  in  with  those  from  CV,  they  would 
cause  an  upward  biai  in  most  cases.  Now,  if  we  look  back  to  Fig.  24, 
we  see  that  there  are  more  values  of  6  occurring  near  the  upper  limits 
than  near  the  lower.  This  trend  toward  high  (or  lossy)  values  is  based 
on  a  very  few  measurements,  though,  and  does  not  seem  reasonable  in 
light  of  the  distributions  of  the  undergrowth  results. 

We  measured  electric  constants  of  the  surface  earth  in  the  forest 
near  Samples  Cl I  and  CV,  and  in  the  clearing  took  ground-constant  Samples 
Cl  and  CIV,  over  a  period  of  two  months.  The  surface  measurement  results 
are  compared  in  Fig.  26.  Of  these,  CII  was  apparently  in  the  least 
lossy  earth,  being  on  a  raised  part  of  the  valley  that  was  not  flooded 
by  the  rains.  The  wide  scatter  in  the  VHF  results  from  Cl  may  also 
have  been  caused  by  the  heavy  rains.  Samples  CIV  and  CV  were  in  con¬ 
tinually  swampy  area*. 

We  also  measured  the  variation  of  ground  constants  with  depth  near 
Sample  CII  (Figs.  27  and  28).  We  simply  dug  a  large  hole  and  inserted 
the  ground  probes  in  its  sides,  shaving  away,  just  before  each  insertion, 
the  earth  that  had  been  exposed  to  air.  It  is  evident  that  the  earth 
there  became  more  lossy  with  increasing  depth  to  2  meters,  the  limit  of 
our  dig.  Earth- resistivity  sounding  measurements  at  dc,  done  at  the 
same  place  two  muu..Us  earlier  liun  the  probe  work,  indicate  the  presence 
of  a  0.3-m  surface  layer  (o  at  dc  «  2  mmho/m)  resting  on  a  1-m-thlck 
middle  layer  (o  at  dc  «  120  mmho/m)  with  a  semi-infinite  region  below 
that  (0  at  dc  as  2  mmho/m).  Basing  conjecture  on  this  interpretation  of 
the  dc  soundings,  we  expected  c  at  HF  to  fall  between  2  and  10  mmho/m, 
as  it  does,  for  the  upper  region;  but  for  the  middle  and  lower  regions 
probed  we  did  not  find  the  expected  sixty-fold  increase  followed  by  a 
return  to  conductivity  similar  to  that  of  the  surface. 

The  soil  at  Chumphon  sito  is  silty  clay  with  gravel  Interspersed. 

The  clay  in  forest  is  grey,  having  a  mixture  of  humus  that  improves  its 
water-holding  capability  (average  surface  moisture  content  70  percent); 
most  of  the  clay  in  the  clearing  was  reddish,  and  often  dried  at  the 
surface  between  rains  (average  surface  moisture  content  25.4  percent). 
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FI  a  26  surface  GROUND  CONSTANTS  MEASURED  AT  CHUMPHON  site 
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At  a  depth  of  15  cm  in  the  clear ing,  and  about  2  m  at  Cl I,  the  soil  was 
water-saturated  at  all  times.  The  surface  soil  at  Samples  CIV  and  CV 
remained  saturated  with  water  during  the  entire  summer,  being  low-lying 
areas  fed  by  a  stream. 


IV  DISCUSSION  OF  RESULTS 


A.  Applicability  of  Vegetation-Constant  Results 

How  well  do  our  results,  reflected  as  medians,  represent  the  true 
populations  of  effective  electric  constants  that  we  presume  must  exist 
for  a  volume  of  air  containing  living  vegetation?  I"  preparing  an 
answer,  we  would  like  to  be  able  t  efine  the  intrinsic  distribution 
underlying  our  measurement'! 

Now  if  the  number  of  stems  on  any  horizontal  area  has  a  Poisson 
20 

distribution,  the  distribution  of  those  stems  with  respect  to  any 

stem  at  random  ^or  with  respect  to  some  point  on  the  OWL  inserted  among 

* 

them)  should  be  Rayleigh.  In  particular,  the  nearest-neighbor  distances 
between  stems  are  distributed  according  to  Rayleigh's  distribution.  We 
can  deduce  that  the  probability  of  finding  any  stem  within  the  sensing 
region  of  the  horizontal  OWL  has  the  same  distribution.  And  if  we  can 
assume  that  insertion  of  the  OWL  in  planes  other  than  the  horizontal 
merely  increases  the  parameter  of  that  distribution,  we  should  expect 
to  find  that  the  measurement  populations  for  effective  values  of  e  ^ 
and  a  are  approximating,  for  large  populations,  the  cumulative  distribution 
function 


F(r )  =  T  -r  exp  (-  2 '  2 


r  /2S  )  dr 


o  s 


=  1  -  exp  (-r2/2S2) 


where  r  is  the  variable  and  S  is  its  standard  devaition  in  the  underlying 
distribution. 


* 

This  is  developed  in  Appendix  B. 
t 

We  actually  use  e  -  1  to  allow  a  more  usual  variation  range. 

§  2 

In  these  cases,  S  is  perhaps  more  properly  called  the  parameter  of 
the  distribution. 

| 
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This  surmise  is  supported  by  the  results,  a a  shown  by  the  inverse 

distribution  for  F(r)  =  g(e  -  1)  in  Fig.  29,  using  the  same  coordinates 

r 

as  in  Appendix  B  in  order  to  graph  F(r)  as  a  straight  line.  The  dashed 
line  shown  in  that  figure  is  the  Rayleigh  function  for  S  =  0.0454, 
corresponding  to  a  mean  of  0.057  on  the  -  1  scale,  and  having  median 
0.054.  The  measurement  population  itself  has  the  mean  e  -  1  =  0.058 
and  median  0.056;  it  contains  71  values  whose  standard  deviation  is 
0.034.  It  seems  biased  upward  a  bit,  but  is  well  represented  by  the 
Rayleigh  distribution.  Matters  seem  worse  when  we  consider  conductivity 
in  a  similar  fashion,  as  in  Fig.  30.  The  obvious  bias  of  c  toward  the 
higher  values  seems  enough  to  invalidate  our  Rayleigh  approximation. 

We  noted  that  all  the  values  for  o  >  270  nmho/m  came  from  three  stations 
in  the  Satun  vegetation- samp ling  matrix,  and  surmise  that  unusur .  growth 
patterns  in  those  sub-volumes  caused  the  bias.  If  we  ignore  that  10 
percent  of  the  measurement  population,  we  can  easily  fit  a  straight  line 
to  the  other  90  percent.  The  dashed  line  in  Fig.  30  represents  a  Rayleigh 
distribution  having  median  102,  mean  109,  and  standard  deviation  87  pmho/m. 
It  approximates  the  population  fairly  well:  the  measured  values  had  median 
97.3,  mean  121,  and  standard  deviation  81  p,mho/m.  Obviously,  we  must 
choose  the  medians  rather  than  the  means  of  our  measurement  populations 
to  reduce  the  effect  of  upward  bias. 

A  word  on  the  accuracy  of  measurement  is  required  here,  for  if  the 
members  of  the  measured  population  were  subject  to  significant  error 
arising  from  the  technique  of  measurement,  their  distribution  might  show 
characteristics  unrelated  to  the  environment.  On  the  distributions  of 
results  obtained  for  repeated  measurement  with  the  OWL  in  a  single  position, 
the  total  range  of  variation  has  been  less  than  2  percent.  Further,  '.f 
the  length  of  the  OWL  was  varied  by  a  few  hundredths  of  a  wavelength 
while  in  a  given  station,  the  results  never  varied  by  more  than  10  per¬ 
cent  about  their  median  values.  Thus  variations  arising  fTom  the  measure¬ 
ments  themselves,  or  from  slight  differences  in  positioning  of  the  OWL, 
are  likely  to  be  insignificant  compared  with  the  effects  obtained  when 
the  OWL  is  moved  from  station  to  station  in  vegetation.  As  we  have 
shown  above,  the  standard  deviation  that  arises  in  the  latter  case  is 
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FIG.  30  DISTRIBUTION  OF  CONDUCTIVITIES  MEASURED  IN  UNDERGROWTH  AT  SATUN 


* 

about  85  percent  about  the  median.  It  seems  safe  to  assume  that  this 
large  variation  is  essentially  characteristic  of  the  vegetation  medium 
and  that  true  errors  in  measurement  little  alter  the  form  of  a  distri¬ 
bution  of  vegetation  constants.  If  the  measurement  error  were  as  great 
as  ±5  percent,  it  would  account  for  much  of  the  scatter  of  the  results 
about  the  dashed  lines  in  Figs.  29  and  30,  which  is  obviously  not  great 
enough  to  preclude  representing  the  measurement  population  by  a  Rayleigh 
distribution. 

We  also  applied  Kolmogorov's  hypothesis  test  for  the  fit  of  a  sample 
population  to  any  known  cumulative  distribution21  to  see  if  we  could 
estimate  the  true  distribution  function  by  using  confidence  limits.  For 
94  percent  confidence  and  70  in  the  population,  the  width  of  the  confi¬ 
dence  interval  for  this  test  is  quite  large — 32  percentiles.  It  is 
necessary  to  have  n  &  500  to  obtain  more  useful  confidence  limits  of  ±6 
percentiles  about  the  test  distribution.  We  had  no  such  large  samples 
available.  Thus  we  are  not  able  to  define  the  distributions  of  our 
vegetation  constant  results  with  any  rigor.  We  show  Kolmogorov  confidence 
limits  at  the  94-percent  confidence  level  for  the  Rayleigh  distribution 
on  Figs.  29  and  30  to  demonstrate  that  there  is  no  good  reason  to  reject 
a  Rayleigh  distribution  as  an  approximation  of  our  results.  It  follows, 
however,  that  there  is  no  more  reason  to  reject  other  likely  distributions. 
In  Fig.  31  we  show  the  same  (70  MHz,  Satun)  results  plotted  in  Caussian 
coordinates,  with  the  same  Kolmogorov  limits  about  the  dashed  line. 

(The  line  represents  a  Caussian  distribution  that  could  approximate  the 
middle  50  percent  of  the  measurements. )  The  Gaussian  distribution  also 
passes  Kolmogorov's  test,^  but  we  prefer  to  use  the  Rayleigh  to  analyze 
our  results  because  it  appears  to  be  a  better  approximation,  it  has  a 
basis  in  the  environment,  and  it  has  only  one  parameter. 

* 

A  characteristic  of  the  Rayleigh  distribution:  sec  Appendix  B, 
equation  (B-21). 

f 

As  does  the  Chi-Square  distribution,  whose  several  parameters  can  be 
manipulated  to  give  the  closest  fit  of  the  three  to  the  measurement 
populations. 


59 


? 


I 

z 

i 


COMPARISON  OF  e,  AND  a  DISTRIBUTIONS  IN  GAUSSlAi:  COORDINATES 


*  * 


From  study  of  Fig.  31,  one  may  conclude  that  between  their  quartiles 

the  measurement  populations  of  *  and  0  can  be  well  represented  by  a 

r 

normal  distribution.  Certainly  it  is  probable  that  for  n  large,  by 

22 

Lyapunov's  condition  for  the  central-limit  theorem  of  probability, 
the  means,  and  o,  of  our  measurement  populations  will  be  approximately 
Gaussian  in  distribution.  (This  is  often  assumed  for  n  greater  than  4 — 
see  Ref.  23. )  This  will  allow  ns  to  calculate,  following  the  work  of 
W.  S.  Gossett,24  the  number,  n,  of  measurements  required  in  order  to  have 
probability  P  that  o  (or  €^)  is  within  some  confidence  interval  of  width 
W  about  the  true  mean  M  of  the  underlying  distribution  from  which  the  n 
measurements  were  taken. 

* 

The  quantity 


t 


(a  -  M) 


1 

L  i 


-  2 

(ai  -  c)  /n  (n 


■1/2 


1) 


involves  the  comparison  we  want  to  make,  and  has  Gossett's  t  distribution 
with  n  -  1  degrees  of  freedom.24  It  may  be  rewritten  as 

t  =  (o  -  M)  ijn/s 

where  s  is  the  standard  deviation  of  the  sample  of  n  measurements.  Now 

t  h 

it  is  possible  to  find  a  number  t  (the  value  in  j  percentile  of  the 
cumulative  t  distribution)  for  which  the  probability  we  seek  may  be- 
obtained  from 

P  jo”  -  t^  s/Jn<  M  <  a  •  t.  s  j  -  i  ~  0.2.j 

which  is  often  called  the  (100  -  20J)  percent  confidence  level.  The 
width  ol  the  confidence  interval  is 


We  have  used  a  in  the  example  development  to  avoid  compounding  notation. 
Ot  course,  it  may  be  replaced  by  («  -  1)  or  I,  if  the  sub-  and  super¬ 
scripts  are  retained. 
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t 


W  a  2  t  S/^JT 


The  equations  for  P  and  W  nay  be  applied  to  any  set  of  measurements; 
but  for  convenience  we  wish  to  write  them  in  terms  of  the  medians,  a . 

n 

of  the  measurements,  taken  together  with  their  numbers.  Using  the 

♦ 

assumption  that  the  measurements  are  Rayleigh  distributed,  we  may  write 


h  -  */! 


W/2)  <  M  <  (a  +  W/2)  a  100  -  20J  percent 


where 


W  «  1.35t  o  /Jn 

j  ® 

and  M  is  the  median  of  the  underlying  Rayleigh  distribution.  A  tabulation 
of  the  fractional  widths  W/o^  of  the  confidence  interval  for  sample  sizes 
n  =  5  to  201  and  several  confidence  levels  is  presented  in  Table  II. 

This  information  may  be  used  to  estimate  the  confidence  to  be 
placed  in  any  of  the  results  of  measurement  of  electric  constants  of 
vegetation  presented  in  this  report.  To  read  the  table,  enter  under 
the  desired  confidence  level  and  read,  opposite  the  rample  size,  the 
factor  W/o^.  Then  the  true  median  should  lie  (with  probability  P)  within 

*  a  (W/2o  )  about  the  measured  median  a  of  the  n  samples.  Note  that 

mm  m 

we  may  be  percent  confident  that  the  true  median  lies  within  i  65 
percent  of  the  measured  median  of  a  sample  of  only  5  values. 


One  may  also  use  Table  II  to  estimate  n  for  the  Gaussian  distribution 
if  he  multiplies  the  tabulated  values  b;-  i.40.  Then  he  can  relate  w/s 
to  n,  where  a  la  the  desired  stanthrd  deviation  of  the  Gaussian  sample 
and  V  is  the  width  of  the  confidence  interval  centered  on  the  Gaussian 
mean  or  median.  The  c v?  .■*  levels,  of  c-vurse,  do  not  change. 


See  Appendix  B,  Eqs.  B-19  through  B-23. 
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Table  I 


CONFIDENCE- INTERVAL  ESTIMATORS  FOR  SAMPLES  TAKEN  FROM  A 
RAYLEIGH  DISTRIBUTION,  FOR  SEVERAL  CONFIDENCE  LEVELS,  P 


Confidence- Interval  Estimators 


Sample 

Size,  n 

■ 

■ 

■ 

■ 

n 

4 

— 

1.59 

1.11 

0.G6 

5 

— — 

1.68 

1.29 

0.90 

0.  57 

6 

1.86 

1.42 

1.10 

0.82 

0.51 

7 

1.61 

1.25 

1.0 

0.74 

0.46 

8 

1.43 

1.13 

0.90 

0.68 

0.43 

9 

i.  30 

1.04 

0.84 

0.63 

0.  40 

10 

1.21 

0.97 

0.79 

0.59 

0.38 

11 

1.13 

0.91 

0.74 

0.56 

0.36 

12 

1.07 

0.86 

0.70 

0.53 

0.34 

IS 

1.01 

0.82 

0.66 

0.51 

0.33 

14 

0.96 

0.78 

0.64 

0.  49 

0.31 

15 

0.88 

0.75 

0.62 

0.47 

0.30 

17 

0.85 

0.70 

0.57 

0.44 

0.28 

20 

0.77 

0.63 

0.  52 

0.40 

0.26 

25 

0.68 

0.56 

J.  46 

0.36 

0.23 

30 

0.61 

0.50 

0.42 

0.32 

0.21 

41 

0.52 

0.43 

0.36 

0.27 

0.  18 

51 

0.45 

0.38 

0.32 

0.25 

0.16 

61 

0.43 

0.35 

0.29 

0.22 

O.  15 

81 

0.36 

0.30 

0.25 

0. 19 

0.  13 

101 

0.32 

0.27 

0.22 

0. 17 

0.  n 

201 

o.»;: 

0. 19 

0.  16 

0.12 

0.08 

Note:  The  tldlh  of  the  conftueive  interval  centered  on 

the  sample  median  js  Rtven  .» t.p -ox  t  mutely  by  the 
product  of  th;*t  aedlan  and  the  t«»r  Irom  the 
tab'.i 
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Another  distribution  of  interest  to  us  is  that  of  the  magnetic 
permeability  results  for  vegetation.  Initially,  we  had  assumed  that 
must  be  1.0  for  vegetation,  with  some  Gaussian  scatter  (Involving 
true  measurement  error)  about  that  as  a  mean.  But  our  results  have 
consistently  Indicated  mean  pr  (see  Fig.  32)  less  than  1.0,  especially 
for  the  lover  frequencies  where  the  probes  and  the  approximations  made 
about  the  medium  should  be  at  their  best.  Now  we  are  forced  to  conclude 
that,  if  our  measurement  techniques  are  not  introducing  bias,  the  structure 
of  the  vegetation  medium  gives  rise  to  a  magnetic  effect.  This  latter 
idea  is  not  far  fetched;  it  is  well  known  that  microwave  delay  lenses 
made  up  of  regular  arrays  of  conducting  cylinders  act  as  an  artificial 
dielectric^6  whose  properties  are  well-behaved  for  element  spacing*  less 
than  about  O.lX.  At  HF,  the  random  spacing  (NND)  of  stems  in  undergrowth 
or  forest  may  be  a  secondary  effect,  so  that  the  stems  or  tree  boles 
could  be  treated  as  conduct  li**  cylinders  in  an  array  whose  effective 
element  spacii«  was  the  average  NMD.  Such  a  ’’regular"  array  would  be 
anisotropic,  dielectric,  and  diamagnetic,  as  the  following  equations36 
indicate: 

«r(i)*.l+~-6  «r  ( 1 1  >  ■»  1  +  -J-* 

Uf(  1 1 )  «w  1  “  Urtl>  •»  1  -  -5-^  »  <  <  X 

where  d  is  the  cylinder  diameter  (o?  average  stem  diameter  at  breast 
height)  and  p  is  the  number  of  cylinders  (or  trees)  per  unit  area  perpen¬ 
dicular  to  cylinder  let*th.  The  parenthetical  symbols  iudicate  whether 
the  primary  E  field  is  parallel  to  the  cylinder's  length.  Unfortunately, 
we  have  no  good  way  of  testing  the  applicability  of  these  equations  for 
our  results,  since  the  probes  cannot  resolve  anisotropy  well.*  be  can 

*U»sy,  but  conducting— their  Intrinsic  conductivity  may  be  as  high  as 
0.44  >hOr-m.  See  Appendix  A. 

• 

The  atio  of  orthogonal  components  la  the  C  field  of  the  300-..  probes 
is  :  2.  (See  Reference  3*. ) 


64 


bound  the  constants,  however.  By  using  the  relations  above,  a.itJ  forestry 
survey  data  for  the  Chumphon  undergrowth  CII  (Appendix  C),  we  can  estimate 
the  effective  values  that  the  probe  should  have  measured: 

1.01  <  e  <  1.02 
r 

0.98  <  a  <  0.99 
rr 

These  are  only  slightly  similar  to  the  measured  results  (see  Figs. 

32  and  33)  for  Chumphon  CII — the  bounds  are  much  too  tight,  and  their 
medians  are  not  nearly  so  different  from  1.0  as  those  indicated  by  the 
measurements.  An  increase  in  the  effective  diameter  of  the  constituent 
cylinders  or  a  change  to  some  oiher  shape  (perhaps  a  tapered  cylinder  or 
ellipsoid)  seems  indicated  for  b  rtter  prediction  of  the  results.  Actually, 
too,  the  equations  given  for  are  obviously  crude  because  they  neglect 
the  direction  of  propagation,  for  wave  guiding  may  occur  among  stems 
viewed  from  a  favorable  orientation  (as  in  an  orchard),  causing  thrir 
effective  to  be  less  than  unity.  This  is  the  phase-advancing  effect 
of  some  waveguide  modes.  That  it  does  seem  to  occur  is  evident  from 
Fig.  24.  At  present  the  best  we  can  do  is  to  specif v  the  ranges  over 
which  effective  and  «r  may  be  expected  to  vary  in  forests,  so  that 
checks  can  be  made  on  the  variance  those  effects  may  cause  in  propagation- 
model  predictions.  We  have  rarely  found  er  or  to  fall  outside  the 
following  experimental  bounds: 

0.9  <  e  <  1.2 
r 

0.8  <  p  <  1.1 

r 

The  simple  model  of  the  vegetation  viewed  as  a  collection  of  cylinders 
scattered  randomly  over  an  area  perpendicular  to  their  lengths  has  also 
been  used  in  Appendix  A  to  illustrate  a  possible  scheme  for  obtaining 
effective  vegetation  conductivity  if  the  intrinsic  conductivity  of 
stems  is  known  together  with  their  average  diameter  and  sparing.  The 
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PERMITTIVITY,  «,  LOSS  TANGENT 


SMALL  PROBE  ONLY 


relation  derived  for  a  does  not  have  a  frequency  dependence,  and  is  given 
only  for  illustration.  We  are  not  yet  prepared  to  define  a  frequency  law 
for  the  effective  conductivity  (or  loss  tangent)  of  vegetation. 

One  aspect  of  the  use  of  a  cylindrical-constituent  artificial- 
dielectric  vegetation  model  is  the  simplification  that  results  from  using 
p  instead  of  constituent  spacing.  Of  course,  p  can  be  derived  from  spacing 
for  a  regular  t.  ray;  but  what  about  a  random  array?  When  spacing  is 
Rayleigh  distributee,  the  problem  of  relating  p  to  spacing  is  quite 
simple,  as  shown  in  Appendix  B,  so  that  we  should  hope  that  tree  or  stem 
or  branch  spacing  distributions  found  in  nature  can  always  be  approximated 
by  a  Rayleigh  formula. 

One  further  comment  must  be  made  on  the  nature  of  living  vegetation. 

In  spite  of  the  fact  that,  for  both  undergrowth  and  mature  forest  trees, 

NND  are  approximately  Rayleigh  distributed,  and  height  and  diameter  are 

* 

approximately  log-normally  distributed,  there  is  usually  no  scalar 
relationship  between  the  two  types  of  growth.  Undergrowth  cannot  be 
used  as  a  radi  r-propagation  scale  model  of  a  forest  because  the  mean 
spacing-to-diameter  ratio  in  natural  undergrowth  it>  too  large.  If  scaled 
up  in  diameter,  undergrowth  would  be  spread  out  like  trees  in  a  park. 

If  we  can  develop  rules  for  scaling  with  frequency,  this  may  allow  us 
to  infer  effects  for  man-made  but  not  natuiii  forests. 

B.  Generalized  Results 

Although  our  ideas  about  the  way  in  which  a  forest  acts  as  a  medium 
for  radio-wave  propagation  may  be  changing,  we  can  draw  useful  inferences 
from  a  view  of  the  OWL  measurement  results  in  the  context  of  a  forest 
slab  model.  True,  the  parameters  and  could  not  vary  over  the  ranges 
found  experimentally  if  the  forest  acre  actually  slab-xike,  but  the  ex¬ 
pected  values  of  these  constants  in  all  distributions  of  our  results  have 
been  very  near  unity.  The  occurrence  of  «r  or  at  the  limits  shown  in 
Table  III  is  rare  enough  so  that  the  slab-model  approach  will  be  a  good 


* 

Sec  Ref. 


26  and  Appendices  to  this  report. 


approximation  for  most  purposes,  at  frequencies  below  that  for  which  the 
mean  stem  or  branch  spacing  (or  NND)  is  X/10— that  is,  at  HF  (30  MHz) 
and  below,  if  we  take  only  tree  boles  into  account. 


Table  III 

EXPERIMENTAL  LIMITS  FOR  €  AND  u 

r  *r 


r 

HF 

VHF  *  100  MHz 

m 

0.9  to  1.2 

1.0  to  1.1 

Iff 

H 

0.8  to  1.1 

0.8  to  1.1 

ilB 

At  these  .frequencies  the  fact  that  *r  and  p  may  be  anisotropic 
probably  has  little  significance  for  the  slab  modelist.  The  use  of 
values  near  unity  and  invariant  with  frequency  should  suffice.  But 

♦  »  g 

inversion  of  slab  models  has  shown  >  that  they  require  quite  different 

horizontal  (o  )  and  vertical  (a  )  forest  conductivities  to  allow  that 
H  V 

good  predictions  of  path  loss  measurements  be  made  for  polarizations  so 
directed. 

The  OWL  probes  are  not  well  suited  to  separating  anisotropic  effects 
of  the  vegetation.  The  results  shown  in  this  report  are  biased  somewhat 
toward  a  representation  of  horizontal  effects,  since  the  probes  were 
usually  in  the  horizontal  plane  and  their  horizontal  E-fields  in  that 
position  contain  more  energy  than  do  the  vertical.  (Recall  that  the 

ratio  is  3/2  for  a  300-Q  OWL. )  The  OWL  probe  results  usually  lie  between 

*  6 

and  obtained  from  model  inversion,  and  show  a  frequency  dependence 

similar  to  that  of  c  .  Thus  our  results  might  be  taken  as  approximate 

n  * 

upper  limits  for  vegetation  effective  conductivities  to  be  used  in 
modeling  fer  horizontally  polarized  wave  propagation. 

• 

Private  communication  from  Dr.  J.  E.  Spence,  Jansky  fc  Bailey  Division 
of  Atlantic  Research  Corporation. 

* 

Although  wo  have  few  results  based  on  tree  yrowth  rather  than  under¬ 
growth,  wo  have  no  reason  to  distinguish  between  the  electromagnetic 
effects  of  the  two  types  of  vegetation  at  HF  (see  Table  IV). 
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A  word  of  caution  is  in  order,  however.  At  100  MHz  we  are  scattering 

significant  energy  out  of  the  transmission  line  mode  unless  the  growth 

is  extremely  dense.  The  effect  on  our  results  which  may  be  seen  in  many 

of  the  a  graphs,  is  the  opposite  of  the  scattering  effect  of  the  medium 

on  freely  propagating  waves.  As  frequency  is  increased  the  forward- 

scatter  cross  section  of  the  medium  should  increase,  allowing  one  to 

2  2 

approximate  the  medium  by  a  slab  having  a  negative  d  o/df  .  But  our 
curves  of  0(f)  often  increase  ulope  as  f  approaches  100  MHz  (see  Laem 
Chahang,  Kuen  Chit,  Satun  on  Fig.  34),  an  indication  that  our  measurement 
echnlque  any  be  breaking  down  above  75  MHz. 

Realistic  ranges  of  6  and  a  may  be  taken  from  Figs.  33  and  34 
which  show  median  results  obtained  for  undergrowth  at  all  the  sites  we 
visited  in  Thailand.  We  added,  on  Fig.  34,  results  obtained  in  the  most 
dense  patch  of  undergrowth  we  have  ever  found,  in  order  to  place  an 
upper  limit  on  attenuation  of  RF  energy  passing  through  living  vegetation. 
The  attenuation  rate  scale  on  that  figure  applies  strictly  to  that  which 
would  be  effectively  encountered  in  a  vegetation  medium  of  infinite 
extent,  u.  usual  practice,  the  existence  of  boundaries  allows  for 
wave  propagation  via  surface  modes  that  suffer  less  attenuation  with 
increasing  distance  than  these  results  indicate.  But  for  the  case  of 
an  air-rescue  beacon,  for  example,  the  maximum  or  probable  power  losses 
for  transmission  through  undergrowth  can  be  estimated  from  the  figure. 

A  further  discussion  on  the  range  of  variation  of  a  (and  hence  6) 
is  necessary  because,  while  we  gave  realistic  limits  for  and 
above,  based  on  all  uur  measurements,  we  have  only  discussed  effective 
o  (and  5)  of  undergrowth,  in  speaking  of  the  effects  among  larger 
trees,  wa  must  restrict  ourselves  to  the  frequency  range  (3-16  MHx)  of 
the  results  obtained  with  the  large  probes  and  presented  in  Figs.  22, 

24,  and  23.  We  can  compare  the  effective  conductivity  ranges  measured 
among  tree  boles  and  canopy  foliage  with  those  obtained  at  HF  under¬ 
growth  as  in  Table  iv. 


Table  IV 


RANGE  OF  a  AND  6  MEASURED  AMONG  TREES  AND  UNDERGROWTH  AT  KF 


Frequency 

Undergrowth* 

Tree  Boles  T 

Tree  CanopyT 

(MHz) 

d 

6 

0 

6 

0 

6 

o> 

i 

OB 

5-60 

0.02  -  0.15 

2-60 

0.008  -  0.15 

1.5  -  32 

0.02  -  0.09 

12  -  16 

15  -  200 

0.02  -  0.15 

1-54 

0.008  -  0.15 

4.0  -  230 

0.02  -  0.16 

* 

Quart  lie  Ranges 
' Sample  Ranges 


The  undergrowth  Units  are  taken  fro*  quartile  ranges  of  all  samples 
obtained  with  both  large  and  snail  probes  except  the  wire-probe  results 
for  Sample  Cl  I  shown  in  Fig.  23.  We  decided  the  wire  probe  was  too 
short,  compared  with  its  spacing,  to  work  well  in  that  instance.  The 
Laem  Chabang  results,  obtained  only  at  VHF  Xeledop  frequencies,  do  not 
apply  either;  we  suppose  that,  had  we  HF  results  for  Sample  LI I,  they 
would  have  decreased  the  lower  limits  shown  for  undergrowth  in  Table 
IV.  The  limits  for  tree  boles  came  from  Figs.  22,  24,  and  25;  those 
for  canopy  include  results  for  the  middle  and  upper  regions  shown  in 
Figs.  24  and  25. 

The  significance  of  Table  IV  is  immediately  felt:  the  sample 
ranges  for  the  tree  measurements  indicate  nearly  the  same  loss  (or  less) 
as  do  the  quartile  ranges  of  the  undergrowth  measurements.  We  have  no 
more  than  sir  independent  measurements  among  the  trees  in  any  one  case: 
often  there  were  only  three,  as  in  the  highest  canopy.  But  probably,  if 
we  had  as  many  canopy  measurements  as  we  have  for  undergrowth,  the 
effective  (or  median)  o  and  6  for  all  these  regions  would  be  similar. 

The  absence  of  a  central  tendency  in  the  canopy  and  bole  results  goes 
against  this  statement,  however,  and  it  must  be  tested  by  makit«  a  large 
enough  number  of  measurements  to  show  the  shape  of  the  distribution  for 
effective  ?  and  6  of  trees.  I»  the  undergrowth  and  tree  constants  were 
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as  similar  as  Table  IV  indicates,  the  similarity  would  explain  why 
model  predictions*  based  on  undergrowth  measurements7'37  seem  to  be 
valid  for  an  entire  forest. 

Although  the  effective  values  of  the  undergrowth  constants  (Figs. 

33  and  34)  could  sometimes  be  said  to  increase  with  greater  growth 

2 

density,  from  Satun  (p  =  2.4  stems/m  )  through  Muen  Chit  (3.4)  and 

Chumphon  (5.25),  the  Pak  Chong  undergrowth,  which  was  the  most  dense 
2 

(p  =  6.8  stems/m  ),  caused  lowest  loss.  The  correlation  between  e ,  6, 
and  o  on  the  one  hand,  and  p,  d,  and  X  on  the  other,  is  not  yet  clear. 

The  most  significant  aspects  of  Figs.  33  and  34  for  the  radio  engineer 
or  botanist-physicist  are  the  grouping  trends,  which  indicate  that 
various  species  of  plants,  growing  in  widely  separated  areas  of  the  tropics, 
seem  to  have  electromagnetic  effects  much  in  common.  Even  at  100  MHz, 
where  the  greatest  scatter  occurred  and  the  usefulness  of  the  vegetation- 
slab  medium  concept  seems  to  come  into  question,  the  spread  in  median 
results  was  only  about  one-half  order  of  magnitude  for  5  and  o.  This 
may  not  be  an  unrealistic  tolerance  for  a  communication-system  model. 

Thus  it  may  be  that  in  many  cases  radio  engineering  design  tolerances 
can  be  set  without  recourse  to  specific  knowledge  about  a  forest 
environment.  Further,  this  comparison  by  sites  indicates  that  there  is 
something  similar  in  the  makeup  of  the  plants  (probably  their  intrinsic 
conductivity),^  that,  coupled  with  a  relatively  invariant  growth  habit 
at  least  for  the  places  we  visited,  constrains  their  effective  electro¬ 
magnetic  behavior  as  a  wave  medium  to  such  n  small  range.  It  is  quite 
small  compared  with  the  relatively  large  variations  of  the  electric 
constants  of  the  earth  in  which  these  plants  were  growing. 

We  have  compared  median  electric  ground  constants  from  eight  types 
of  soil  that  we  measured  at  six  sites  in  Thai land-- the  five  discussed 
in  this  report,  plus  a  sampling  taken  in  an  open  rice  paddy  near  the 

♦ 

Horizontal  polarization  only. 

♦ 

Sec  Appendix  A  for  a  discussion  of  intrinsic  comhicMvitv. 


MRDC-EL  in  Bangkok.  These  are  presented  in  Figs.  35  and  36.  They  tell 

a  consistent  story  based  on  water  content.  The  driest  soil  has  the 

least  and  9;  the  change  of  with  frequency  la  slight,  of  o  quite 

high.  The  Bangkok  rice  paddy  and  the  Chumphon  IV  and  V  (swamp)  saaples 

held  the  aost  water;  Satun  soil  was  also  very  wet.  These  four  saaples 

had  the  highest  <  values,  and  typically  for  very  wet  soil,  the  greatest 
r 

change  of  with  frequency.  They  also  had  the  highest  conductivities, 
for  the  aost  part,  but  the  least  rate  of  change  of  a  with  frequency, 
ftok  Chong  soil,  which  was  rocky,  and  Muen  Chit  soil  (sandy)  had  constants 
lyin,  between  these  extremes  of  magnitude  and  slope.  The  frequency 
dependence  of  conductivity  suggests  a  law  of  the  form 


where  A  depends  on  soil  porosity  and  aoil  moisture  content,  and  u  depends 
on  Moisture  content,  and,  perhaps,  frequency.  The  range  of  earth  con¬ 
ductivity  covers  about  three  orders  of  magnitude  (excluding  the  rice 
paddy)  and  it  is  highly  dependent  on  the  presence  of  ground  water.  Yet 
the  plants  depending  on  this  sane  water  had,  en  masse,  effective  con¬ 
ductivities  bounded  within  ooe-fifth  that  range. 

Thus,  knowledge  of  soil  alone  does  not  tell  us  enough  about  plants 
that  will  grow  there,  though  soils  with  sinilar  conductivities  (Muen 
Chit,  Chumphon  CII,  Satun)  seen  to  support  living  plants  with  similar 
intrinsic  conductivities  (see  Appendix  A).  But  stew  spacing,  which 
can  be  re 1a ted  to  stea  number  density  (see  Appendix  6)  nay  provide, 
together  with  soil  conductivity,  the  key  to  dielectric  behavior  of  groups 
of  plants  or  forests. 
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RECOMMENDATIONS 


1.  Future  sampling  of  the  electric  constants  of  vegetation  should  be 

done  on  a  sore  random  basis  to  reduce  the  bias  that  arises  from  the 

tendency  cf  the  field  crew  to  orient  the  probes  to  the  more  dense 

growth.  We  suggest  that  a  regular  array  of  stations  be  chosen 

* 

throughout  the  volume  to  be  studied,  each  assigned  a  number  in  a 
set,  and  then  n  choices  of  numbers  from  that  set  oe  made  from  a 
table  of  random  numbers  based  on  that  set.  The  interval  between 
stations  should  be  less  than  half  the  probe  conductor  spacing. 

The  sample  size  n  will  be  greatest  for  the  least  dense  growth,  but 
should  always  be  made  greater  than  30.  With  this  sample  size,  there 
is  a  90  percent  probability  that  the  true  median  is  within  20  percent 
of  the  observed  median. 

2.  The  vegetation  probe  should  oe  used  primarily  to  obtain  electric 
constants  as  a  function  of  height.  The  wire  probe  is  best  used 
for  this,  unless  foliage  is  extremely  dense,  when  pipe  is  simpler 
to  use;  but  wire  can  be  strung  in  fairly  dense  growth  by  using 
long  bamboos  to  pull  it  through.  However,  when  using  the  large- 
scale  probes,  care  must  be  taken  to  obtain  a  large  number  of  in¬ 
dependent  samples,  just  as  with  the  small  probe.  It  is  not  true 
that  since  the  large  probe  senses  more  vegetation  it  measures  more 
accurately,  for  we  are  then  dealing  with  mature  trees,  and  the 
problems  of  small  probe  work  arc  just  scaled  up,  in  a  simplified 
sense.  The  reason  results  with  the  wire  and  pipe  probes  often 
indicate  store  loss  is  that  these  large  probes  sense  mostly  trees, 
which  act  more  like  scatterers  at  any  given  frequency  than  does 
undergrowth.  The  small  probe  will  never  be  bothered  by  this;  it 
cannot  be  used  with  a  large  tree  nearby  unbalancing  it. 


If  the  study  is  to  represent  a  forest  well,  the  volume  should  be  large, 
and  include  tS*  tree  canopies. 
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3.  If  a  gross  study  of  the  electric  constants  of  vegetation  in  large 
areas  or  several  forests  is  desired,  the  probes  should  be  used  only 
at  random  check-points  for  height  profile.  The  main  body  of  data 
could  be  obtained  by  making  path-loss  measurements  and  inverting 
the  Sachs/Wyatt  model.  This  technique  would  have  the  advantage, 
besides  ease,  of  providing  polarized  information  not  available 
from  the  probe  results.  It  would  not,  however,  provide  information 
on  undergrowth  beneath  the  trees. 

4.  The  connection  between  stem  number  density  and  electric  properties 
of  vegetation  should  be  established  for  different  types  of  forest. 

A  study  composed  of  the  first  three  recommendations  plus  an  intensive 
vegetation  survey  and  aerial  photo-mosaic  analysis  at  a  convenient 
forest  site  would  be  more  than  adequate  to  estimate  the  accuracy 
with  which  vegetation  electric  constants  can  be  predicted  from 
aircraft  or  satellite  reconnaissance  data. 

28 

5.  The  ideas  of  Pounds  and  LaGrone  should  be  extended  from  leaves 

1  8  29 

to  stems.  Trees  seem  to  be  conductors  even  at  VHF,  >  '  though 
their  quality  as  radiators  may  be  in  dispute,  and  an  array  of  trees 
should  probably  be  treated  as  a  conductive  artificial  dielectric, 
at  least  for  HF  and  lower  frequencies.  This  implies  that  effective 
of  the  forest  may  be  somewhat  less  than  unity,  contrary  to  all 
current  assumptions. 

6.  The  effect  of  varying  p,  in  the  model  equations  for  radiowave 

propagation  in  the  forest  should  be  checked.  The  propagation 

1/2 

constant  is  proportional  to  p 

r 

7.  The  use  of  the  assumption  that  effective  e  of  the  vegetation 

r 

medium  mu3t  always  be  greater  than  unity  should  be  discontinued. 

8.  Whenever  we  do  work  in  the  field  we  should  measure  the  electric 
constants  of  earth  as  a  function  of  depth  to  about  2  meters  and 
take  a  core  sample  of  the  soil  at  each  depth.  In  this  way,  we 

can  investigate  whether  the  conductivity  of  soil  has  much  influence 
on  tha‘  oi  the  plants  growing  there.  Furthermore,  such  data  at 
radio  frequency,  so  scarce  in  the  literature,  arc  of  great  importance 
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to  the  antenna  engineer  and  of  some  importance  to  the  models. 

The  probe  technique  is  recommended. 

9.  When  measuring  ground  constants  at  RF  by  the  approximate  method 
(see  Sec.  II-A),  the  connections  from  probe  to  impedance  bridge 
should  be  made  fs  short  as  possible  to  improve  accuracy.  This 
means  using  an  unbalanced  cable,  not  coax  b&lun. 

10.  Environmental  surveys  in  support  of  forest  radio  propagation  studies 
should  concentrate  on  the  following  parameters  in  addition  to  species 
identification: 

Nearest-neighbor-distance  statistical  distribution 

* 

Stem-diameter  statistical  distribution 
Stem-height  statistical  distribution 
Number  of  stems  per  square  meter 
Description  of  canopy  coverage  and  layering 

Estimate  of  undergrowth  height  and  number  of  stems  per 
square  meter  that  reach  breast  height  (1.3m) 

Stem  conductivity  measured  at  audio  frequency  or  at  dc^ 

(This  will  probably  require  a  statistical  distribution) 

Soil  moisture  by  weight  ar.d  by  volume 

Soil  conductivity^  at  surface  and  below,  for  each  type  of 
soil  found 

Soil  pH,  salinity,  and  type  . 


If  stem  height  and  diameter  distributions  can  be  empirically  related 
for  classes  of  forest,  then  only  height  need  be  specified. 

This  measurement  can  be  made  using  techniques  similar  to  those  of 
geophysical  electric  prospecting.  The  polar  dipole  array30  operated 
at  audio  frequency  is  recommended. 
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Appendix  A 


BIODENSITY  EXPERIMENTS 


We  attempted  to  relate  the  mass  density  or  biodensity  of  undergrowth 

in  two  of  our  samples  to  the  electrical  properties  as  measured  with  the 

small  probe  at  50  MHz.  The  procedure,  involving  cutting,  packing  the 

cuttings  in  a  hopper,  weighing,  and  probing  as  the  weight  changed,  was 

similar  to  that  described  in  the  appendix  to  Ref.  4.  The  weight  change 

of  the  Muen  Chit  sample  (Mil)  was  25%  in  the  first  24  hours  after  cutting, 

but  there  was  a  weight  gain  after  38  hours,  and  puzzling  fluctuation 

thereafter.  Moreover,  the  weight  did  not  change  during  the  hours  of 

darkness  although  several  powerful  sun  lamps  were  focused  on  the  sample. 

By  the  55th  hour  it  was  plain  that  the  sample  was  infested  with  insect 

life  that  was  rapidly  reducing  it  to  a  more  elementary  state,  and  the 

experiment  was  discontinued.  Ke  w*»re  «hle  to  correlate  the  changes  in 

sample  effective  permittivity  measured  by  the  probe  with  the  fluctuation 

of  air  moisture,  however.  We  measured  the  effect  of  air  moisture  on 

wood  (the  sample  was  sheltered  from  rain)  by  periodically  weighing 

standard  oven-dried  wooden  sticks  hung  beside  the  cut  foliage.  This 

gave  us  an  index  of  wood  moisture  absorbed  from  the  air  in  percent  by 

weight,  for  the  vicinity  of  our  experiment.  The  results  are  shown  in  Fig. 

A-l.  There  is  a  general  slight  trend  of  decreasing  c  with  decreasing 

r 

weight,  but  the  most  significant  feature  o t  the  graph  is  the  correlation 

of  e  with  wood  moisture.  The  effect  of  humidity  on  the  dried  sticks 
r 

peaked  between  0900  and  1000  local  time;  the  peak  in  effective  of  the 

cut  sample  was  at  1000  on  the  first  two  days.  Moreover,  there  is  a 

general  slightly  decreasing  trend  in  fuel  moisture  over  the  period  of 

the  experiment  that  may  be  correlated  with  the  same  trend  in  €  .  Thus 

r 


Part  of  a  forestry  fuel-moisture  kit  purchased  in  California.  These 
moisture  readings  depend  on  air  humidity  but  reflect  the  time  lag 
inherent  in  absorption  by  the  wood. 
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FIG  A  T  RESULTS  OF  BIOOENSITY  EXPERIMENT  PERFORMED  ON  FRESHLY  CUT  UNDERGROWTH 
OF  MUEN  CHIT  SAMPLE  Mil 


we  concluded  that  we  would  not  be  able  to  relate  sumplc  weight  and  water 
content  in  this  case.  The  most  probable  explanation  lor  the  failure  of 
the  experiment  in  that  sense  is  that  the  weight  changes  were  owing 
largely  to  the  presence  of  insects,  notably  ants,  who  preyed  on  the  cut 
vegetation  in  large  numbers  and  were  immune  to  our  insecticides.  We 
decided  that  such  experiments  are  not  suited  to  field  conditions  in 
Thailand  and  did  not  repeat  the  attempt  to  air-dry  cut  vegetation. 

However,  we  can  obtain  an  upper  hound  on  the  intrinsic  conductivity 
(a A)  of  the  vegetation  by  using  the  relation1  between  effective  conduc¬ 
tivity  (c)  of  a  mixture  of  air  and  one  other  constituent,  the  fraction 
(F)  of  that  constituent  in  the  mixture,  and  the  constituent's  intrinsic 
conductivity: 


0  s  F 


We  have  made  measurements  of  effective  conductivity  for  two  samples 
of  vegetation  that  were  subsequently  weighed:  Muen  Chit  Mil  and  Chuaphon 
Cl I .  We  are  safe  in  assuming  that  the  intrinsic  conductivities  of  these 

■i  ‘  "i  ' 

two  samples  did  not  change  within  several  hours  after  cutting.  ’  * 
Then,  if  the  subscripts  1  and  2  refer  to  conditions  before  and  after 
the  vegetation  was  cut,  wc  may  write: 


F  &  F  C  c 
1  2  1  2 


in  order  to  estimate  the  fraction  of  vegetation  in  the  living  sample- 

We  can  estimate  F^  by  assuming  that  the  vegetation  weight  is  essentially 

3  3 

that  of  its  water  content,  whose  density  is  10  kg  m  ,  so  Uv«t  the 
initial  weight  of  t h»  cut  sample  is  directly  related  to  its  volume. 

Then,  dividing  this  volume  by  the  volume  of  the  hopper  occupied  by 
foliage,  we  obtain  F_ ,  and  can  compute  o  and  F^.  We  can  also  obtain 
Kj  appioximatcly  by  using  the  mean  height  of  the  living  vegetation  times 


the  plot  area  as  the  normalising  volume-. 


The  results  ol  such  an  analysis,  as  applied  to  the  Muen  Out  and 
Chuaphon  undergrowth  samples,  arc  given  in  Table  \-l.  The  values  for 
F^  and  -  (primed)  were  obtained  based  on  mean  growth  height 
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Table  A-l 

DATA  FOR  DERIVATION  OF  INTRINSIC  CONDUCTIVITY  OF  VEGETATION 
AT  50  MHz  ESTIMATED  USING  WEIGHT  OF  CUT  UNDERGROWTH 


Saaple 

— 

Muen  Chit  Mil 

Chuaphon  CII 

Area  cut,  a2 

12.25 

17.5 

Mean  height,  a 

1 

2.5 

Upper  decile  height,  a 

3 

4.5 

Hopper  vol.,  a3 

1.3 

1.57 

Initial  weight,  kg 

51.8 

61.2 

F2 

0.04  (0.029)* 

0.04  (0.029) 

02,  aaho/a 

0.98 

1.31 

0 1#  aaho/a 

25  (35) 

33  (46) 

Oj,  uaho/a 

140 

65 

F1 

0.006  (0.0043) 

0.002  (0.0014) 

f; 

0.004  (0.0029; 

0.0016  (0.0011) 

0*  aadio/a 

35  (49) 

41  (57) 

See  text  for  explanation  of  nuabers  in  parentheses. 


We  assisted,  for  the  initial  calculation  of  results,  that  the  plants 
were  100%  water.  But  if  we  use  the  lower  saturation  Halt  of  aoisture 
content  for  angiosperas  (MC  2  75%),  then  the  basic  wood  density  is31 


D 


_ I 

0.65  *  MG  100 


0.715  x 


,rt3  .  ,3 

10  kg/a 


and  we  aust  decrease  our  values  of  F^,  F^,  and  f'  by  28.5%,  and  increase 
a and  0'  by  40%  as  shown  in  parentheses  in  Table  A-l.  On  this  basis, 
the  intrinsic  conductivity  of  vegetation  aay  be  of  the  order  0.03  to  0.06 


t 


i 
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sunho/m.  When  we  compare  this  range  with  the  estimate  obtained  in  the 

same  way  for  California  willow  cuttings  (0.03  mho/m)  in  the  fall  of 

4  * 

1965  we  begin  to  suspect  that  a i  does  not  vary  greatly  from  one 

vegetation  sample  to  another. 

The  fractional  volumes  obtained  in  this  way,  being  of  the  order 

_3 

l-to-5  x  10  ,  seem  reasonable  for  very  dense  vegetation.  But  it  was 

noted  that  the  Chumphon  undergrowth  seemed  more  dense  to  the  eye  than 

that  of  Sample  Mil,  and  their  respective  stem  densities  were  5.25  and 

2  t 

4.9  stems/m  .  Moreover,  the  mean  stem  diameter  in  Sample  C1I  (1.2  cm) 

was  twice  that  in  Sample  Mil,  so  that  we  should  expect  the  fractional 

volume  of  vegetation  obtained  from  weighing,  etc.,  to  be  greatest  for 

Sample  CII.  That  it  was  not,  points  up  a  basic  problem  in  dealing  with 

biodensity.  Biodensity  does  not  represent  an  average  growth  tendency 

unless  the  variance  in  vegetation  height  and  diameter  is  quite  small, 

but  depends  mostly  on  the  largest  and/or  heaviest  members  of  the  sample; 

furthermore,  it  is  quite  dependent  on  plant  species  present. 

It  is  probable  that  our  a ^  estimates  based  on  biodensity  are 
somewhat  low  for  general  application,  especially  since  non-porous 
angiosperms  are  the  most  dense  of  all  plants.  We  can  form  another 
estimate  of  F^  based  on  the  stem  surveys  done  in  our  samples  to  see 
what  the  highest  probable  values  of  o  might  be.  To  do  this,  we  ignore 

branches  and  leaves,  and  form  a  model  of  the  sample  having  o  stems  per 

2  ^ 

m  whose  dimensions  arc  equal  to  the  median  stem  diameters2  and  heights 


By  another  indirect  and  wore  approximate  method,  Dickinson  ct  al.',: 
estimate  RF  conductivity  of  California  Kuca'yotus  stems  at  0.24  mho  m. 

♦ 

Stem  diameter  of  undergrowth  plants  was  measured  by  caliper  at  a  height 
of  0.3  meter  above  ground,  since  diameter  at  breast  height  could  not 
always  be  measured  (see  Appendices  B  through  G). 

f 

5 1 f  there  is  upward  taper  along  the  stems,  this  use  of  the  diameter 
measured  0.3  m  above  their  base  tends  to  compensate  for  the  neglect  of 
branches  and  leaves. 


surveyed.  Then  define  F  as  the  ratio  of  the  sub  of  all  p  identical 
stea  volumes  (cylindrical)  to  the  Bean  height  on  a  square  aeter  of  the 
sample.  That  is, 

2 

pna  h  _ 2 

F  at  c— ^ .  at  prra 


where  a  is  the  mean  radius  of  stems  in  the  sample.  The  value  cf  p  is 
tsVen  from  the  stem  count.  The  results  of  this  analysis  are  shown  in 
Table  A-2. 


Table  A-2 

DATA  FOR  DERIVATION  OF  INTRINSIC  CONDUCTIVITY  OF 
VEGETATION  AT  SO  MHz  ESTIMATED  USING  ONLY  GEOMETRY 


Sample 

Muen  Chit  HI  1 

Chump hon  Cl  I 

-2 

Number  density  p,  m 

4.9 

5.25 

Mean  radius,  a 

0.003 

0.006 

F 

1.32  X  10“4 

5.94  X  10~4 

o.,  mho/m 

1.0 

0.11 

Tcere  is  not  a  grave  difference  between  the  intrinsic  conductivities 
of  the  two  samples  obtained  in  this  way,  even  though  they  represent 
widely  varying  species  and  growth  conditions  (see  Appendices  B  and  F). 
Indeed,  we  may  choose  «  0.3S  mho/m  and  calculate  and  within 
about  one-half  order  of  magnitude  using 

-*  2 
0  *  V  *  "OjP* 

It  is  tempting  to  apply  this  formula  to  pred.^i  the  effective  conductivity 

2 

of  the  Se tun  undergrowth  sample  (SI).  Sample  SI  was  on  a  12.25  a  plot, 
having  only  29  stems  whose  mean  radius  was  0.5  cm.  Thus, 


M 


p  =  2.37  stems/a 


and 

a  ess  0.35n2.37(0.005)?  mho/m 
%  65  umho/m 

at  50  MHz.  This  compares  unfavorably  with  the  median  measured  value 
(Fig.  19)  of  40  umho/m,  but  is  within  20%  of  the  probable  value  indicated 
by  the  dashed  line. * 

This  "prediction"  must  be  regarded  as  fortuitous,  for  it  says  nothing 
about  the  effect  of  spacing  or  diameter  in  terms  of  wavelength.  It  may 
be  that  the  effects  of  wavelength,  diameter,  and  stem  spacing  are  com¬ 
pensating  in  the  case  of  dense  undergrowth  viewed  at  50  MHz.  Clearly, 
the  approximation  is  useless  for  large-diameter  stems.  More  important, 
we  should  have  to  specify  the  effect  of  stem  orientation  in  any  useful 
model  (i.e.,  anisotropic  model).  Only  the  mass  of  the  stems  does  not 
seem  directly  relevant. 

*e  can  conclude,  then  that  the  intrinsic  conductivities  of  many 
dlflerent  types  of  plants  probably  lie  within  the  decade  0.05  to  0.5 
mho/m  at  VHF  and  that  if  these  may  be  represented  over  a  given  region 
by  a  single  value,  then  the  effective  conductivity  of  that  vegetation 
should  be  predictable  in  terms  of  stem  count,  diameter,  orientation, 
and  the  radio  imvclength  for  which  a  conductivity  estimate  is  desired. 

A  study  should  be  made  toward  this  end. 


It  may  be  significant  that  the  conductivities  of  the  soils  beneath 
Mil.  CM  and  Si  were  similar  tsee  Fig.  36). 
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ENVXROMfEHTAL  SURVEYS 


Appendix  B 


ENVIRONMENTAL  SURVEYS 


1.  Survey  Technique* 

The  basic  Method  of  forestry  survey  involves  identifying  and 
Measuring  trees  on  a  10  by  40-Meter  sample  plot.  Several  of  these  are 

chosen,  usually  at  random,  in  a  forest,  but  at  SRI  sites  they  were  often 

* 

located  near  antennas  being  studied.  Each  tree  having  a  breast-height 
diameter  (DBK)  greater  than  5  cm  was  identified  in  these  surveys.  Its 
height  was  Measured,  in  addition  to  OBH,  and  its  position  in  the  plot 
recorded.  From  this  position  information,  the  nearest -neighbor  distance 
(NND)  between  trees  could  be  measured  on  a  plot  Hap.  The  envelope  height 
of  any  undergrowth  present  was  usually  estimated,  and  its  dominant 
Members  identified. 

Tree  heights  were  Measured  using  the  Kaga  altimeter,  which  is 
similar  to  a  bubble-sextant.  The  height  of  a  tree  is  defined  as  the 
vertical  distance  from  the  top  of  its  canopy  envelope  to  the  ground. 

It  is  not  necessarily  perpendicular  to  the  ground  slope  since  the  Haga 
altirseter,  like  a  spirit  level,  uses  the  earth's  gravitational  field 
as  reference.  If  ground  slope  is  appreciable,  it  too  is  Measured  with  an 
altimeter,  and  a  correction  made.  Identification  of  the  top  of  a  tret 
.*.»  a  dense  forest  is,  of  course,  a  subjective  problem,  and  tree  height 
depends  somewhat  on  the  ability  of  the  observer  to  get  an  advantageous 
view  of  the  tree  crown. 

Tree  diameter  (at  1.3  meters  above  ground)  is  usually  measured  by 
laping  the  circumference  and  calculating,  but  a  caliper  has  been  used 
for  small,  regular-shaped  trees  and  shrubs. 


Standard  breast  height  is  1.3  meters. 


The  NND  is  often  found  by  simply  taping  the  distance  between  trees 
at  breast  height,  but  it  is  sometimes  easier  to  map  a  dense  growth  and 
make  measurements  on  the  map.  Only  trees  actually  within  the  plots  are 
given  nearest  neighbors  in  this  way,  so  that  a  tree  outside  the  border, 
though  it  may  determine  the  NND  for  a  tree  in  the  sample,  will  not  give 
rise  to  a  reciprocal  NND.  But  reciprocity  in  NND  often  occurs  for  close 
trees  within  the  plot. 

Because  of  our  interest  in  undergrowth,  and  in  the  possibility  of 
using  it  as  a  scale  model  for  any  nearby  forest,  we  requested  special 
detailed  surveys  of  small  (usually  3  by  3  meter)  plots  containing  only 
undergrowth.  This  was  done  for  us  by  the  MRDC-ES  at  Chumphon  (CII), 

Satun  (SI),  Muen  Chit  (Mil),  and  Pak  Chong  (PI).  The  usual  measurements 
were  made,  except  that  all  stems  and  vines  growing  in  the  plots,  above 
30  cm  high,  were  studied;  since  DBH  had  little  significance,  stem 
diameters  and  spacings  were  measured  at  30  cm  above  ground. 

Visibility  in  a  forest  is  measured  by  counting  dots  painted  on 
three  30-cm-diameter  targets  as  the  target  array  is  withdrawn  from  the 
observer.  The  observer  uses  supported  binoculars  at  1,20  meters  high. 

The  center  target  is  also  1.20  meters  high;  the  others  are  at  0.5  and 
1.90  m.  The  count  is  usually  made  for  5-meter  increments  of  target 
distance  and  for  8  radials  of  equal  spacing. 

Soil  core  samples  were  also  taken  each  15  or  30  cm  to  a  depth 
of  2  meters  at  the  forestry  plot  corners.  These  were  tested  in  situ 
for  grain  size,  penetration  (cone  index),  and  pH  (hydrogen  ion  content); 
but  sealed  samples  were  sent  to  the  SEATC  laboratory  in  Bangkok  for 
determination  of  specific  gravity,  plasticity,  etc.,  and  mineralogical 
analysis  where  required.  Moisture  content  analysis  was  done  at  the 
MRCI>*ES  laboratory.  The  moisture  content  was  found  in  percent  by  weight, 
using  a  drying  process.  The  Troug  soil-reaction  kit  and  lime  color  chart 
are  used  lo  measure  pH  Soil  color  is  assessed  by  comparison  with  Munsell 
soil-color  charts.  Cone- index  (penetrability)  values  are  measured  with 
a  cone  penetrometer.  Water-table  height  is  noted  if  it  is  within  2 
meters  of  the  surface.  Permeability  to  water  (or  compactness)  is 
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estimated  as  "rapid,"  "moderate,"  or  "poor;"  another  subjective  evaluation 
is  that  of  soil  texture,  which  is  don»  bv  manual  touch. 

Some  or  all  of  these  environmental  parameters  were  obtained  at  the 
five  sites  decribed  in  this  report,  and  are  presented  in  detail  in 
reports  published  or  in  preparation  by  the  MRDC-ES.18  ,19 ,33 J’36  But 
the  most  important  of  these  parameters  for  the  radio  physicist,  in  order 
of  significance,  are: 

NND  given  by  statistical  distribution,  and/or  tree  density 

Height  and  DBH  given  by  statistical  distribution  (these  two 
parameters  can  often  be  related) 

Soil  moisture  content 

General  soil  type. 

In  addition,  the  botanist-physicist  probably  has  a  great  interest 
in  vegetation  species  classes  and  soil  pH.  We  present  in  the  following 
appendices  only  the  most  important  of  these  environmental  parameters, 
with  the  exception  of  species  listings,  related  to  our  studies  of  the 
electric  propeities  of  the  environment  at  Chumphon,  Pak  Chong,  laem 
Chabang,  Satun,  and  Muen  Chit,  Thailand. 

2 ,  Theoretical  NND  Distribution 

We  wish  to  establish  a  model  for  the  underlying  distribution  of 

trees  spaced  in  a  forest  that  gives  rise  to  our  nearest-neighbor  distance 

samples.  We  shall  refer  to  Fig.  B-l,  and  base  the  development  on  a 
★ 

random  growth  distribution. 

Since,  along  a  radial  from  the  center  of  any  tree,  0.  no  other 
t 

significant  tree  can  grow  within  some  distance  D,  which  might  correspond 
to  the  canopy  projection  in  a  high- latitude  forest,  or  to  the  surface 
root  complex  an  a  rao.n  forest,  the  probability  of  finding  a  tree  growing 

* 

Random  growth  does  not  often  occur  naturally,  but  the  assumption  of 
random  distribution  is  a  good  approximation,  usually  providing  averages 
that  describe  true  growth  characteristics  within  a  10%  margin  of  error. 
.See  Ref.  20. 

The  MRDC-ES  Survey  Teams  use  only  trees  larger  than  5  cm  diameter  at 
breast  height. 
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FIG.  B-l  SAMPLE  DESCRIPTION  SPACES  FOR  NEAREST-NEIGHBOR-DISTANCE 
PROBABILITY  MODEL 


at  distance  D  +  A  on  any  radial  line  depends  on  the  probability  that  no 
tree  is  within  D  and  at  least  one  tree  is  within  A.  If  we  assume  that 
D  and  A  are  variable  parameters  defined  between  zero  and  infinity  on 
the  line  OB,  and  construct  circles  as  shown  in  Fig.  B-l,  of  radius  r 
and  r  +  dr  defining  areas  A  and  dA,  we  will  enclose  p  trees  per  unit  area. 
Thus,  statistical  ecologists20 >3d  have  been  able  to  postulate  that  the 
probability  of  finding  T  trees  randomly  distributed  in  some  area  A 
should  be  given  by  Poisson's  Distribution  with  parameter  p A: 


P  [T;  A]  =  (PA^expI-pA) 


(B-l) 


where  p  is  the  mean  rate  of  occurrence  of  trees  per  unit  area.  That 
is,  p  is  the  mean  tree  number  density,  and  represents  the  number  of 
trees  in  any  area  A.  The  probability  tnat  A  has  no  trees  (we  are  neg¬ 
lecting  the  reference  tree  at  0)  is: 
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a 


(B-2) 


P  [0;  A]  =  exp(-pA) 

2 

=  exp(-pTTr  ) 

* 

The  probability  that  A  lias  at  least  one  tree  is  the  complement  of 
Eq.  (B-2): 

1  -  P  [0;  A]  =  1  -  exp(-pnr2)  .  (B-3) 

VVc  can  define  this  as  the  cumulative  distribution  function  for  the 
nearest-neighbor  distance,  since  NND  will  ^  r  if  and  only  if  there  is  at 
least  one  tree  in  area  A.  But  it  may  be  clearer  to  make  a  complete 
development;  we  define  the  probability  that  there  is  at  least  one  tree  in  A 
as  (refer  again  to  Fig.  B-l): 

P  [r  <  NND  <  r  +  dr]  =  P  [0;  A]  (  1  -  P[0;  A  +  dA] ) 

That  is,  the  probability  that  r  is  the  NND  is  the  probability  of  the 
intersection  of  the  two  events  (no  tree  in  A)  and  (complement  of  no 
tree  in  a).  The  latter  is  the  probability  of  finding  at  least  one  tree 
at  r — that  is,  the  element  of  area  dA.  It  is  found  similarly  to  Eq. 

(B-3),  as: 

1  -  exp[-  pndr(2r  +dr)]  .  (B-4) 

Thus, 

P(r  <  IfflD  <  r  P  dr)  .  f<r>  .  o'*’’"'2  [l  -  +  dr>]  .  (B-5) 

But  since  dr  0,  we  can,  by  expanding  the  second  factor  in  an  infinite 
series  and  neglecting  terms  not  of  first  order,  write  the  density 

* 

That  is,  one  set  of  events  in  the  description  space  is  the  complement 
of  the  other  (see  Ref.  37). 
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function  as: 


f(r)  =  F7 (r)  =  e  pTTr  2prrrdr  .  (B-d) 

Thus  the  cumulative  distribution  function  by  integration  of  (B-6)  is: 

,r  2  2  F 
F(r)  =  f  e‘npr  d(pr2)  =  e_TTpr  (B-7) 

o  o 

and  the  nearest-neighbor-distance  distribution  has  the  same  form  as 
Eq.  (B-3): 

P(NND  s  r)  =  1  -  exp(-TTpr2)  .  (B-8) 

Neal  of  the  MRDC-ES  used  the  following  artifice  in  order  to  graph 
P(NND  >  r)  as  a  straight  line,  and  we  will  adopt  his  method  of  presentation 
for  the  Rayleigh  distribution  since  we  are  using  MRDC  statistical  growth 
parameters: 

Rewrite  Eq.  (B-8):  in  terms  of  its  complement,  as  follows: 

P( NND  >  r)  =  1  -  P(NND  £  r) 

=  exp(-trpr2)  .  (B-9) 


Take  the  logarithm  to  base  10: 

2 

log  P(NND  >  r)  =  -  pnr  loge 

=  -  0.4343  r2/S2  (B-10) 

where  S  =  l/V^np  is  the  standard  deviation  of  the  distribution.  In 

terms  of  percentiles  and  the  number  of  trees  p  per  unit  area,  we  can 

2 

write  the  relation  below,  which  is  linear  in  (r  =  NND)  : 

log  100  P  (NND  >  r)  =  2  -  1.36pr2  .  (B-ll) 

*This  may  be  recognized  as  the  Rayleigh  density  function  with  variance  l/2np. 
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Then 


r  =  S nf2  Jo  u1/2  e"U  du  (B-18) 

=  ^  r<l/2) 

m 

=  S^72  «  1.253  S  or  NND  =  1/2^"  .  (B-19) 

Finally,  we  may  relate  the  mean,  standard  deviation,  and  quartiles  of 
a  Rayleigh  distribution  to  its  median 

r  a,  1.062  Mr  (B-20) 

S  »  0.847  M  (B-21) 

r 

uo  as  1.415  M  ( B-22 ) 

r 

UJ  «  0.643  M  (B-23) 

r 

By  using  the  survey  done  at  the  Chumphon  undergrowth  sample  454B 

(Cl I  in  this  report),  we  may  test  on  a  small  scale  whether  we  can  generate 

NND  distributions  based  on  a  number  density,  or  stem  count.  The  entire 

growth  of  stems  higher  than  one  foot  on  an  8  by  3.5-meter  plot  was 

counted  and  mapped.  The  total  number  of  these,  which  includes  climbing 

2 

vines,  was  147.  This  gives  a  number  density  p  =  5.25  stems/m  ,  from 
which  we  can  predict  an  NND  Rayleigh  distribution  as  shown  by  the  dashed 
line  on  Fig.  B-2.  The  predicted  median  0.47/^p”=  20.55  cm  is  larger  than 
the  median  NND  measured  from  the  vegetation  plot  map,  but  the  prediction 
does  seem  reasonable  for  40  percent  of  the  total  NND  distribution,  es¬ 
pecially  the  larger  spacings. 

The  actual  shape  of  the  total  NND  distribution  is  more  nearly 
Chi-Square  than  Rayleigh,  suggesting  that  the  occurrence  of  stem-doubling, 
root-suckers,  and  twining  climbers  may  be  causing  the  departure  from  the 
predict  ion. 
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INVERSE  Cl 
SAMPLE  Cll 


If  we  Ignore  all  NND  <  7  cm,  we  can  remove  the  biai;,  which  results 

mostly  fri?m  stems  that  will  never  grow  higher  than  l.S  meters,  or  man- 

pack  antenna  height.  When  we  thus  re-form  the  NND  distribution,  based 

2 

on  87.5  percent  of  the  former  total,  we  have  only  p  =  4.6  steas/a  ,  but 
these  are  the  aost  significant  ones.  The  fit  of  prediction  to  measured 
NND  is  better  (Fig.  B-2)  now,  and  we  can  use  the  predicted  median  21.9 
ca  rather  than  the  measured  19.8  cm. 
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E.WlHO.xaC.VTAL  DESCRIPTION  FOR  CHUMPHON 


103 


Appendix  C 


ENVIRONMENTAL  DESCRIPTION  FOR  CHUMPHON 

Chumphon  forest  is  classified  as  fresh  water  swamp  forest.  Its 
structure  and  density  are  nearly  uniform  throughout  the  test  area.  Except 
near  the  midpoint  (Mark  31  to  Mark  33)  of  Xeledop  Test  Trail  A,  where  the 
land  is  raised  about  1.5  m  above  water  level,  most  of  the  trees  are  stilt- 
rooted  and  straight-stemmed.  The  top  (crown)  canopy  is  continuous  through¬ 
out  the  forest,  causing  suppression  of  lower  trees  and  undergrowth.  The 
undergrowth  is  uniform,  and  grows  about  4  m  high. 

A  forestry  survey  of  trees  having  DBH  greater  than  5  cm  was  made 

for  the  vicinities  of  Xeledop  Test  Trails  A  and  B  (see  Fig.  21).  The 

survey  located  644  trees,  using  17  standard  plots.  Their  mean  density 

2 

is  about  0.095  trees/m  .  The  summary  statistical  distributions  are 
given  for  height,  diameter,  and  NND  in  Figs.  C-l  through  C-3.  Nine  of 
the  standard  plots  were  in  a  region  without  undergrowth.  Two  of  these. 
Plots  439  and  440,  were  very  near  the  OWL  height  profile  sample  (CV). 

The  distributions  of  tree  height,  diameter,  and  NND  for  those  two  plots 
are  given  in  Figs.  C-4  through  C-6. 

In  addition  to  the  standard  large  plots,  a  special  small  vegetation 

plot  (454B)  was  surveyed  to  include  undergrowth  Sample  CII.  Here,  all 

plants  growing  higher  than  30  cm  were  located;  their  diameters  were 

measured  at  that  height.  This  plot  was  near  the  northwestern  edge  of 

the  forest  on  the  raised  land,  but  its  vegetation  growth  was  very  much 

like  that  surveyed  in  two  similar  plots  (454A  and  C)  in  the  interior 

2 

swamp.  The  density  in  Sample  CII  was  5.25  stems/m“  (147  plants  on  an 
8-by-3.5-m  base).  Statistical  distributions  of  growth  parameters  for 
this  plot  are  given  in  Figs.  C-7  through  C-9. 

Even  though  the  vegetation  in  this  forest  stand  is  evergreen  there 
is  an  accumulation  of  loaf  litter  on  the  forest  floor  in  a  thick  layer 
2-4  cm  deep,  decomposing  into  humus.  The  soil  underneath,  mostly  clay, 
is  thus  rich  in  nutrient.  Soil  characteristics  inside  and  outside 
Chumphon  forest  are  summarized  in  Tables  C-I  and  C-II. 
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FIG.  C-l  HEIGHT  DISTRIBUTION  FOR  ALL  TREES  SURVEYED  AT  CHUMPHON  SITE 


UPPER  CANOPY 
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FIG.  C-4  HEIGHT  DISTRIBUTION  FOR  TREES  IN  CHUMPHON  SAMPLE  CV 


CIIUM  PI  ION  SOIL  SUMMARY — OPEN  TERRAIN 
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Appendix  D 


ENVIRONMENTAL  DESCRIPTION  FOR  PAK  CHONG 
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Appendix  D 


ENVIRONMENTAL  DESCRIPTION  FOR  PAK  CHONG 

The  forest  in  the  Pak  Chong  test  area  is  classified  as  dry  or  semi¬ 
evergreen  forest.  Its  canopy  is  generally  divided  into  two  stories,  the 
upper  from  6  to  41  meters  and  the  lower  from  1.5  to  18  meters.  The  crown 

canopy  covers  about  60  percent  of  the  ground,  The  average  density  of 

2 

the  lower  story  is  about  0.04  trees  per  m  .  The  average  density  of  the 

2 

upper  story  is  about  0.06  trees  per  m  . 

The  undergrowth  is  fairly  dense  and  lumped  in  many  open  spaces 
among  the  canopy;  there,  penetrability  on  foot  is  poor.  The  height 
of  undergrowth  varies  from  2  to  6  meters. 

The  forestry  survey  at  this  site  was  made  during  the  first  half  of 

1964.  The  results  are  published  in  Refs.  18  and  19.  Twelve  plots  of 

10  by  40  meters,  four  plots  of  10  by  50  meters  and  2  plots  of  10  by  60 

meters  were  surveyed.  They  contained  670  classifiable  trees.  The 

2 

average  density  is  0.08  trees  per  m  .  Summaries  of  statistical  dis¬ 
tributions  of  tree  height,  diameter  and  NND  are  given  in  Figs.  D-l 
through  D-3. 

A  second  survey  trip  was  made  during  November  1966  and  a  special 

undergrowth  plot  (Sample  P-I)  was  surveyed  in  detail.  All  plants  inside 

the  sample  were  located,  and  their  diameters  were  measured  at  30-cm  height. 

This  plot  is  in  the  standard  plot  43  which  was  surveyed  in  1964.  The 

2 

density  in  the  test  undergrowth  sample  is  6.8  stems/m  (62  plants  on 
3-by-3-meter  basal  area).  The  statistical  distributions  of  vegetation 
parameters  for  this  plot  are  given  in  Figs.  D-4  through  D-6. 

The  terrain  elevation  varied  from  290  m  to  720  m  throughout  the 
forest.  At  the  location  of  the  OWL  sample,  the  elevation  is  about  380  m. 
Soil  data  obtained  at  the  site  in  1964  arj  summarized  in  Tabled  D-I. 


HEIGHT  DISTRIBUTION  FOR  ALL  TREES  SURVEYED 
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FIG.  0-5  DIAMETER  DISTRIBUTION  FOR  ALL  PLANTS  IN  UNDERGROWTH  SAMPLE  PI 
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ENVIRONMENTAL  DESCRIPTION  FOR  LAEM  CHARANG 
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Appendix  E 

ENVIRONMENTAL  DESCRIPTION  FOR  LAEM  CHABANG 

The  evergreen  beach  forest  at  the  SRI  Laem  Chabang  site  is  composed 
mainly  of  shrubs,  bushes,  climbers,  and  thorny  succulen  herbs.  Few 
trees  taller  than  10  meters  can  be  fCv..*  in  the  test  area  The  under¬ 
growth  there  is  a  dense,  tangled  mass  that  is  difficult  to  penetrate  or 
to  see  through,  but  there  are  many  open  spa-es  among  the  clumps  of 
vegetation.  The  average  height  is  betwee.i  2.5  and  6  meters.  A  mean 
undergrowth  height  for  the  entire  area  surveyed  would  be  about  3.5  meters. 

The  OWL  Sample  LI  I  war.  taken  at  a  spot  near  the  MRDC  plot  No.  307 
where  the  ground  was  covered  with  uniformly  dense  shrubs,  climbers,  thorny 
scrubs  with  an  average  height  about  3.5  meters.  There  is  one  costatus 
tree  11  m  high  near  the  OWL  sample. 

The  Sample  LI I  stands  on  a  plain  about  5  meters  above  sea  level. 

The  soil  underneath  is  well-graded  sand  and  was  covered  with  dry  leaves 
about  6  mm  deep.  Humus,  very  dark  grey  in  color,  was  present  in  this 
layer.  The  characteristics  of  the  soil  are  similar  throughout  the 
vegetated  area.  Soil  data  are  summarized  in  Table  E-l.  The  MRDC-ES 
plot  numbers  shown  were  used  for  inventory  purposes  only;  no  forestry 
survey  was  made. 
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Table  E-l 


SOIL  SUMMARY  FOR  VEGETATED  AREA  NEAR  XAEM  C HA BANG 


Soil  Typo 
Texture 

— 

Color 

Moisture 

Content 

1 

Depth 

uses 

USDA 

Surface 

Subsoil 

pH  Value 

(%  by  weight) 

(inches) 

sw 

Well 

graded 

sand 

Reddish 

brown 

4.8  -  6.1 

3.46  -  3.75 

0-12 

4.9  -  5.8 

3.84  -  4.10 

18  -  48 

5.0  -  5.7 

3.36  -  3.63 

60  -  72 

sw 

mm 

■ 

Reddish 

brown 

4.8  -  6.4 

3.72  -  4.87 

0-12 

HI 

■ 

4.9  -  5.8 

3.38  -  4.28 

18  -  48 

H 

liiiil 

OSBSSliS 

3.66  -  3.87 

60  -  72 

SW 

b 

Dark 

grey 

Dark 

grey, 

brown 

4.2  -  4.62 

0-12 

■ 

5.9  -  8.0 

4.0  —4.75 

18-48 

5.82  -  6.20 

60  -  72 

sw 

Well 

graded 

sand 

Dark 

grey 

5.6  -  7.0 

A .  93  -  5.1’9 

0-12 

mm 

5  S  -  3.0 

3.74  -  4.53 

18  -  48 

■ 

5.6  -  5.9 

4.02  -  4.15 

60  -  72 
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Appendix  F 

ENVIRONMENTAL  DESCRIPTION  FOR  KUAN  KARLONG  FOREST  IN  SATUN 

A  forest  survey  was  made  during  May-June  1967.  The  vegetation 
around  the  Jansky  &  Bailey  radial  test  trails  X,  Y,  Z,  and  W  was  examined. 
Twenty-five  standard  plots  (10  by  40  m)  were  chosen  at  random  around  this 
area,  and  1,031  trees  having  DBH  larger  than  5  cm  were  classified. 

The  forest  in  the  test  site  was  classified  as  tropical  rain  forest, 
formed  by  a  number  of  evergreen  trees,  characteristic  of  the  upper 
Malaysian  flora.  The  forest  is  composed  mainly  of  tall  trees  of  various 
heights,  and  tree  density  is  rather  even  throughout  the  forest;  open  gap 
is  rarely  to  be  found.  The  upper  canopy  density  is  about  80  percent 
crown  cover.  To  the  eye,  the  forest  looks  quite  uniform. 

The  structure  of  this  forest  can  be  defined  in  three  canopy  stories, 
disregarding  the  undergrowth.  The  crown  (top)  canopy  story  is  discon¬ 
tinuous,  w'th  a  height  of  about  24-30  m.  The  average  tree  density  in 

2 

this  story  is  about  0.02  stems/m  .  The  height  of  the  middle  story 

ranges  from  15  to  23  meters.  Trees  in  this  story  vary  greatly  in  height 

2 

and  species.  The  average  tree  density  is  about  0.018  stems/m  .  The 

lowest  story  is  composed  of  a  great  number  of  trees  with  height  ranging 

from  about  8  to  14  meters,  and  the  space  between  the  lowest  and  middle 

story  is  irregularly  filled  up  with  trees  of  intermediate  height. 

Therefore,  the  tree  crowns  of  both  stories  form  a  continuous  and  closed 

foliage  layer.  The  tree  density  in  the  lower  story  averages  about 
2 

0.107  stems/m  . 

The  undergrowth  is  uneven  in  height  and  density  throughout  the 
forest;  shrubs  and  climbers  are  individually  scattered  about  the  test 
area,  and  in  certain  localities  they  are  almost  absent.  In  the  spaces 
where  the  sunlight  can  reach  the  ground,  the  undergrowth  is  chiefly 
composed  of  dense  shrubs,  climbers,  and  herbaceous  plants.  The  height 
of  this  lumpy  undergrowth  is  about  3  to  7  meters. 
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The  statistical  description  of  this  forest  is  presented  in  Figs. 

F-l  through  F-3  where  the  cumulative  distribution  of  tree  height,  dia¬ 
meter,  and  nearest-neighbor  distance  was  plotted. 

An  additional  forestry  survey  was  made  on  the  OWL  sample  S-l, 
where  all  trees  higher  than  one  foot  were  deserj-Lcu.  The  cumulative 
distribution  of  tree  height,  diameter,  and  nearest-neighbor  distance  is 
shown  in  Figs.  F-4  through  F-6.  There  were  only  29  plants  actually 

2 

within  the  3.5-by-3.5-m  boundary  of  the  sample  (density  p  =  2.4  stems/m  ). 
In  order  to  get  better  statistical  sample  size,  the  11  plants  in  the 
immediate  vicinity  of  the  S-l  plot  were  included  in  the  distribution 
by  MRDC-ES. 

The  test  site  area  is  on  a  peneplain  of  an  average  elevation  of 
50  meters  above  mean  sea  level.  The  soil  there  was  surface  clay  over 
laterite  or  other  rocky  soil.  A  summary  of  the  soil-analysis  results 
is  given  in  Table  F-l. 
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1031  THEES 


HEIGHT  DISTRIBUTION  FOR  ALL  TREES  SURVEYED  AT  SATUN  SITE 


DIAMETER  DISTRIBUTION  FOR  ALL  TREES  SURVEYED  AT  SATUN  SITE 


FtC.F-4  HEIGHT  DISTRIBUTION  FOR  ALL  PLANTS  IN  UNDERGROWTH  SAMPLE  SI 
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RC.  F-5  WAMETER  DISTRiBUTiOH  FOR  ALL  PLANTS  IN  UNDERGROWTH  S  J4PLE  SI 
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Appendix  G 

ENVIRONMENTAL  DESCRIPTION  FOR  MUEN  CHIT 

The  secondary  dry  evergreen  forest  here  is  quite  non-uniform  owing 

to  logging.  Tree  canopy  and  height  are  discontinuous.  The  density  of 

2 

all  trees  surveyed  averaged  0.07  stems/m  ,  and  88.7  percent  are  under  15 

m  high.  Generally,  the  canopy  was  three-storied,  although  only  two 

stories  were  discernible  in  certain  areas.  Trees  m  the  top  canopy  are 

of  an  uneven  height,  averaging  over  25  m.  The  density  of  trees  in  this 

2 

story  is  only  0.0017  stems/m  .  The  density  of  middle-story  trees  is 

2 

about  0.0021  stems/m  ,  and  their  height  is  about  15  to  24  m.  The  lowest 
story  is  composed  of  small  trees  between  6  and  14  m  in  height.  Some 
trees  are  lower  than  undergrowth,  and  it  is  often  hard  to  see  the  dif¬ 
ference  between  these  two  layers.  Vegetation  in  the  lowest  layer  is 
usually  grouped  together  and  appears  throughout  the  forest.  About  60 
percent  of  the  trees  are  in  this  layer. 

The  ground  is  only  60  percent  covered  by  canopy,  and  the  dense 
undergrowth  associated  with  the  open  canopy  makes  penetrability  on  foot 
very  poor.  The  average  height  of  undergrowth  is  about  3.6  meters  through¬ 
out  the  site. 

A  forestry  survey  was  conducted  on  twenty-six  10-by-40-meter  plots, 
two  10-by-50-meter  plots,  and  several  3-by-3-meter  sample  plots  around 
the  test  antennas  of  the  airborne  Xeledop  and  ionospheric  sounder  program. 
The  MRDC  inventory  numbers  384,  386,  and  388  are  near  the  OWL  Sample  M-I; 
and  the  inventory  numbers  395  and  391  are  near  OWL  Samples  M-I I  and 
M-VI,  respectively. 

The  statistical  distributions  of  tree  height,  diameter,  and  NNl) 
for  all  686  trees  surveyed  is  shown  in  Figs.  G-l  through  G-3,  where  all 
trees  having  DBH  larger  than  5  cm  arc  accounted. 
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FIG.  G-2  DIAMETER  DISTRIBUTION  FOR  ALL  TREES  SURVEYED  AT  MUEN  CHiT  SITE 


NND  DISTRIBUTION  FOR  ALL  TREES  SURVEYED  AT  MUEN  CHIT  SITE 


mu  m 


The  survey  of  the  OWL  Saaple  Mil  is  presented  in  the  culaative 

distributions  of  height,  diaaeter,  and  nearest-neighbor  distance  of  all 

plants  higher  than  1  foot  within  the  3.5-by-3.5-a  saaple  boundary 

(Figs.  G-4  through  G-6).  There  were  60  plants  counted,  giving  a  density 
2 

of  4.9  steas/a  . 

A  soil  survey  was  aade,  indicating  a  surface  composed  of  huaus  layer, 
leaf  litter,  and  decomposed  reaains  of  trees.  The  results  are  summarized 
in  Table  G-l. 
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Table  C-l  (continued; 


Table  G-l  (continued) 
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Appendix  H 


THE  OWL  COMPUTER  PROGRAM 
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Appendix  H 


THE  OWL  COMPUTER  PROGRAM 

The  calculation  oi  electrical  parameter?  from  results  of  impedance 
measurements  made  on  the  OWL  probes  is  separated  into  two  programs. 
Program  I  contains  four  steps  of  calculation  as  follows:  (1)  conversion 
of  impedance  bridge  dial  readings  to  pola .  form;  (2)  impedance  trans¬ 
formation  through  a  network  connecting  bridge  to  probe,  following  the 

method  for  calculating  Z  (OC-SC  or  L-2L)  as  instructed;  (3)  sorting 

o 

air  and  sample  data,  and  (4)  calculating  air  (control)  parameters.  The 
logical  flow  of  these  computrtims  is  shown  in  Fig.  H-l.  The  program 
accepts  direct  dial  readings  of  the  Boonton  2S0A  RX  meter;  or  dial 
readings  of  the  GR  1606,  GR  1601,  or  HP  803A  bridges  normalized  to  fre¬ 
quency  and  zero  setting;  or  it  will  ac  ept  conductance  and  normalized 
susceptance  inputs  from  the  GR  16023  admittance  meter.  The  bridge 
dial  readings  are  coded  in  the  computer  as  to  real  and  imaginary  parts 
X  and  Y,  with  subscripts  according  to  the  type  of  bridge  termination. 
(For  example,  when  we  measure  the  open-ended  impedance  of  a  coax  balun 
we  code  the  bridge  readings  as  X  ,  Y  ) .  These  bridge  readings,  together 
witn  the  balun  (or  other  input  network)  impedances  and  the  other  para¬ 
meters  shown  in  Table  H-l,  are  given  i* ^  the  input  of  Program  I.  Air 
and  sample  data  are  input  to  the  computer  at  the  same  time  and  sorted 
as  part  of  the  program.  The  user  must,  however,  make  sure  the  control 
data  he  inputs  do  correspond,  for  site,  data,  probe  size,  etc.,  with  the 
sample  data.  The  output  of  Program  I  is  u  sorted  sequence  of  air  and 
sample  cards  having  the  parameters  shown  in  Table  H-2.  There  is  also 
a  printed  listing  of  all  Program  I  outputs. 

Computer  Program  (I  makes  the  calculation  of  electrical  parameters 
shown  in  Table  H-3,  based  on  the  input  data  that  arc  the  output  of  Pro¬ 
gram  I.  The  mathematical  equations  used  in  both  programs  are  presented 
in  Tables  H-4  and  H-S.  The  logical  flow  chart  of  Prog  .-am  li  is  shown  in 
Fig.  H-2. 
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Table  H-l 


Air  Card  Only 


Air  Card 

and 

Saaple 

Mediua 

Card 


INPUT  PROGRAM  I 

F  =  Frequency  in  MHz,  p  indicates  OWL  is  placed 
P 

in  air. 

I  =  Card  Index — identifies  air  or  saaple  medium 
(1  »  air,  2  *  saaple). 

IEQ  =  Alphanumeric  code  to  indicate  type  of  equipment 
used  where  1  =  Ftarallel  Bridge,  as  Boonton  250A 
RX  eater. 

2  *  Series  Bridge,  as  GR  1606  RF 

or  1601  VHF 

3  =  Polar  Bridge,  as  HP  803A  VHF 

4  =-  Admittance  Bridge,  as  GR  1602-B 

adaittance  aeter. 

METH  3  Saapling  aethod  for  calculation  of  Z  : 
where  1  =  OC-SC  method 

2  *  L-2L  aethod. 

L  «  Basic  OWL  probe  length  in  meters. 

N  *  Number  of  half  wavelengths  contained  in  OWL 
length. 

T  «  Network  transformation  ratio  (for  half-wave 
coax  balun  T  =  4  <  0J). 


Air  Card 
and  Saaple 
Mediua 
Card 


Xg,Yg  *  Bridge  impedance  reading  of  open  ended  coaxial 
balun  or  siailar  input  network. 

X^,Ynl  *  Bridge  iapcdancc  reading  of  input  network  with 
open-ended  probe  connected. 

Y^  *  Bridge  i ape da nee  reading  of  input  network 

connected  to  probe  shorted  at  L  or  open-ended 
at  2L,  depending  on  whether  METH  -  1  or  2.  X 
and  Y  denote  the  quantities  tabulated  below, 
according  to  the  type  of  bridge  used. 


# 
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Air  Card  and 
Saaple 
Medium 
Card 


IEQ  X 

1  Resistance  in  kilohm 

2  Resistance  in  ohm 

3  Magnitude  of  impedance 
in  ohm 


Y 

Capacitance  in  picofarad 

Reactance  in  ohm 

Argument,  of  impedance 
oegree 


4  Conductance  in  mho 


Suscept-  ce  in  mho 


Sample 

Medium 

Card 

Only 


Identification  «  Date  and  time,  site,  sample  (PS  • 

vegetation  CCS  *  ground);  probe  spacing, 
diameter,  and  station. 

F  »  Measured  frequency  in  sample  in  MHz. 

LC  a  Computing  index:  to  indicate  the  last 
card  of  a  normalizing  process,  LC  ^  1 . 
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Table  H-2 


Card  Output  I 
and 

Input  to  II 


Listing  Output 
I  Only 


F  should  equal 
P 


OUTPUT  PROGRAM  I/INPUT  PROGRAM  II 

Identification  (as  in  Table  H-l) 

L  =  Basic  probe  length. 

* 

F  =  Control  frequency  in  UHz. 

P 

F  =  Saaple  Measure Bent  frequency  in  MHz. 

Z^  =  Control  input  impedance  of  open-ended  probe. 

Zj  =  Saaple  input  impedance  of  open-ended  probe. 

Z  -  Control  characteristic  impedance  of  probe, 
op 

Zq  =  Sample  characteristic  impedance  of  probe. 

-  Control  input-impcdance  of  short-ended  probe 
(at  length  L)  or  open-ended  probe  (at  length  2L> 

Zj  s  Sample  input  impedance  of  short-ended  probe 

(at  length  L)  or  open-ended  probe*  (at  length  21.) 

3  «  Control  phase  constant. 

P 


F,  but  will  not  quite  cvtng  to  tb*rml  effect*,  etc. 
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Table  H-3 


OUTPUT  OF  PROGRAM  II 

Identification  (as  in  Table  H-l) 

EPS  (c  )  *  Penaittivity  of  the  saaple  relative  to  air. 
r 

SIGMA  (c)  *  Conductivity  of  the  saaple  relative  to  air. 

DELTA  (6)  *  Loss  tangent  of  the  saaple. 

ALPHA  (A)  *  Attenuation  rate  for  TEM  waves  in  the  saaple. 

BETA  (B)  »  Phase  constant  for  TEM  waves  in  the  saaple. 

MU  (ur)  *  Magnetic  permeability  of  the  saaple  relative  to  air. 

GAMMA  (y)  *  Complex  propagation  constant  of  TEM  waves  in  the  saaple. 


Table  H-4 
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Table  H-5 


EQUATIONS  IN  PROGRAM  II 

I  CONSTANTS  OF  THE  MEDIUM  FROM  PROBE  PARAMETERS 


6  -  Re  [I7Z  ]/Im[r/Z  ] 
o  o 


a  =  55.63F6  6  X  10  ®  Bhos/m 
r 


V  =  A  +  jB 
F 

M.  =  Im  tr  Z  ]/Im  [T  Z  ] 
^r  F  o  p  op 

II  THE  PROBE  PARAMETERS  ARE 


r  =  a  f  jfj 


a  =  RetZc/Z^] 

b  =  ImfZo/Z^ 

=  T  for  probe  in  air 
P 

c  =  Velocity  of  light  in  vacuum. 
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(H-8) 

(H-8) 

(H-10) 

(H-ll ) 

(H-12) 

(H-13) 

(H-14) 


START 


CHECK 

CARO 

SEQUENCE : 
AIR, 

THEN 

SAMPLE 


COMPUTE  : 

EPS 

SIGMA 

DELTA 

ALPHA 

BETA 
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Balanced  two-conductor  open  transmission  line  probes  were  used  to  measure  effective 
electric  constants  in  vegetation  and  in  the  earth.  Effective  relative  permittivity, 
er,  and  permeability,  ur>  in  undergrowth  at  five  dispersed  sites  were  practically 
unity.  The  ranges  of  variation  in  all  results  were  0.9  <  cr  <  1.2  and  0, 8  <  ur  < 

1.1.  On  the  average,  «r  was  about  1.05  y,r  was  about  0.98.  Median  effective  con¬ 
ductivity  of  the  undergrowth  varied  insignificantly  between  sites,  but  showed  dis¬ 
tinctive  variation  with  frequency,  from  about  20  ±  30%  at  6  MHz  to  300  *  30%  (unho  a) 
at  100  MHz..  In  the  few  instances  where  measurements  were  made  among  mature  trees 
the  results  were  similar  to  those  obtained  for  undergrowth. 

The  most  important  parameters  influencing  vegetation  constants  were  stem  spacing 
(related  to  stem  number  density)  and  intrinsic  stem  conductivity  (estimated  to  be 
between  C.0S  and  0.5  mho/ a). 

Ground-constant  values  varied  greatly  between  sites,  in  a  manner  consistent  with  the 
variation  of  soil  moisture  content. 

Environmental  forestry  and  soil  surveys,  summarized  in  the  appendices  to  this  report, 
are  useful  in  explaining  or  applying  the  electric-constant  results. 
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